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Abstract:
Topological insulators (TIs) have been the subject of much research since their discovery
in 2009. The unique band structure of the TIs makes them attractive in research of exotic
physical phenomena, such as the realization of the quantum anomalous Hall effect, as well as
novel applications, including quantum computing, spintronics, and more. From a crystal growth
perspective, their van-der-Waals structure also provides new opportunities, for example, by
enabling the growth on a large selection of substrates. This thesis presents the growth of threedimensional TI layers, heterostructures and magnetic TIs by molecular beam epitaxy (MBE).
First, we show the improvement of the growth of Bi2Se3 and Bi2Te3 single layers on sapphire
(Al2O3) substrates. By modifying the substrate surface through a pre-growth procedure, we show
a marked decrease in the defect density in the crystals, which could lead to improved quality of
the materials including their transport properties. We used this new technique as the basis of our
subsequent MBE growths. To further improve the transport properties of the TIs, we apply band
engineering principles to these novel materials, by growing short-period superlattices of
Bi2Se3/Sb2Te3. We show that with these “designer” type-III superlattices we can lower the carrier
density of the TIs, which can be explained by bandgap enhancement. Theoretical predictions also
show that the gap enhancement occurs without suppressing the topological surface states. This
result is promising for future research toward achieving truly insulating TIs.
We also grow and investigate a special class of TIs known as magnetic topological insulators.
These materials garnered a huge amount of interest recently, following the discovery of
intrinsically magnetic topological insulators of the form MnBi2Te4 and MnSb2Te4. Although
some research has been performed on MnBi2Te4, little work exists on its analogue, MnSb2Te4,
the material investigated in this thesis. We first present a systematic study of the controlled
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growth of self-assembled (MnSb2Te4)x(Sb2Te3)1-x structures by MBE. We grew samples ranging
from all-Sb2Te3 to all-MnSb2Te4 based on the Mn flux used during growth and present a
modified growth sequence to improve the incorporation of Mn to form MnSb2Te4. The transport
and magnetic properties of the samples are also analyzed. We see that the samples are all
ferromagnetic, with Curie temperatures that depend on the sample’s composition. We show that
samples with certain compositions have a distinct Hall resistance dependence on temperature,
suggesting two Curie temperature regions. Some of these samples exhibit Curie temperatures as
high as 80K, the highest value reported to date. High Curie temperatures are essential for high
temperature applications of the TIs’ unique properties.
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Chapter 1: Introduction and background

1.1 Overview
This thesis focuses on the growth and characterization of a new class of materials known
as three-dimensional topological insulators of the form V2VI3 (V= Bi/Sb, VI= Se/Te) using the
growth technique of molecular beam epitaxy. This chapter will introduce the fundamental
physics concepts that are part of this research. First, we introduce the basic band structure
concepts of topological insulators as they evolve from the classical band theory of solids. Then
we define the concept of bandgap engineering as a way to tailor the properties of a material
based on the required functionality, and specifically, the use of short period superlattices to
enhance the bandgap of a material and reduce its bulk background doping. The last part will
describe magnetic topological insulators as they relate to magnetic materials, with the motivation
to achieve quantum anomalous Hall effect, and other exotic physics phenomena at higher
temperatures.

1.2 Band theory of solids
Quantum mechanics allows us to calculate the electronic energy of systems, such as
atoms, molecules, or solids. In the case of crystalline solids with ordered arrays of atoms, the
solution to the Schrodinger equation is in the form of bands of allowed energy states that
describe the electronic configuration or the so-called band structure or energy dispersion of the
solid material. Depending on the filling of the bands and their energy distribution, materials can
be classified as conductors or insulators. Conductors have partially filled bands, with no energy
separation between the highest energy filled band and the lowest energy empty band, while
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insulators have filled bands, with energy “gaps” separating the filled and empty bands. The
Fermi level of the system is defined as the energy of the highest energy electrons at zero Kelvin
temperature. Because the filled and empty bands in an insulator are separated by a forbidden
energy gap, where there are no allowed energy states for the electrons, and electrons are in their
lowest energy state at zero Kelvin, the Fermi level of an insulator lies near the middle of the gap.
Above zero Kelvin, insulators with small energy gaps will have electrons excited into the empty
conduction band due to thermal energy. Materials with such small energy gaps are called
semiconductors. Impurities or defects can also produce electrons or holes in the conduction and
valence band of an insulator. Impurities (or defects) that have more electrons than the constituent
atoms of the crystal can add electrons to the conduction band, causing the Fermi level to move
close to the conduction band and the material is called n-type semiconductor.

Figure 0.1: Band alignment of different material types: conductor, semiconductor, and insulator.
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On the other hand, in the case where the dopant atom has less electrons, it will produce empty
states or holes in the valence band, with the Fermi level moving closer to the valence band, and
the material is called p-type. A simplified illustration of the energy band diagram for intrinsic, ntype and p-type semiconductors as a function of the density of states in a particular band is
shown in Figure 1.1.
Topological insulators [1.1] are a new class of materials that can be classified into two
conductance categories: semiconductor and conductor (unlike traditional materials that can only
be classified into one of the categories). The TIs have a small bandgap in the bulk, making it a
semiconductor (i.e., an insulator). However, on the surface, they have metallic surface states
(conductor). In this work we will focus on 3-dimensional topological insulators (TIs) of the form
of V2VI3, where V is Bi or Sb and VI is Se or Te. In the next sections of this thesis the crystal
structure of these materials, and some of the principal characteristics that make these materials of
great current interest both for fundamental physics and for technology applications will be
described.
1.2.1 Crystal structure of topological insulators
The crystal structure of the TIs such as Bi2Se3, Bi2Te3 and Sb2Te3 is a rhombohedral unit
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cell with the space group 𝐷3𝑑
− (𝑅3̅𝑚), shown in Fig 1.2. The crystal structure consists of five

covalently bonded layers of VI and V elements called quintuple layers (QLs). Each QL is bonded
to another (or to the substrate) via van-der-Waals (vdW) forces that hold the layers together
[1.2]. The QL is made of the sequence of Se/Te(1)-Bi/Sb- Se/Te(2)-Bi/Sb- Se/Te(1) and the unit
cell of the TIs consists of 3 QLs. The lattice parameters for Bi2Se3 are a=0.4138nm and
c=2.864nm, for Bi2Te3 are a=0.4384nm and c=3.0487nm, and for Sb2Te3 are a=0.425nm and
c=3.035nm [1.3], also depicted in Fig 1.2. The vdW bonding between QLs enables these
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materials to be easily cleaved or “exfoliated” into 2-dimensional free-standing layers. The vdW
nature of these materials also affects their epitaxial growth in fundamental ways. Since the TIs
bond to the substrate by vdW forces, they can be grown on a variety of substrates [1.4-1.8]
relaxing the strict epitaxial relationship required for conventional three-dimensional crystals.
However, even though the TIs are vdW materials, the choice of substrate does affect the growth.
For example, growth of TIs on Sapphire (Al2O3), which has a large lattice mismatch to the TIs,
can cause structural defects such as twin defects. Another advantage of TIs that derives from
their vdW nature is that they can be used as a virtual substrate for growth of high-quality
materials on a mismatched surface. For example, in recent work from our group [1.9] a high
quality II-VI quantum well structure was grown on a mismatched sapphire substrate with a
Bi2Se3 layer grown as a buffer.

Figure 0.2: Crystal structure of the topological insulators. (a) Cross-section view. (b) top-down
view, showing the “a” and “b” lattice parameters. Adapted from [1.10]
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1.2.2. Band structure of topological insulators
The unique band structure of the TIs: a bandgap in the bulk and time-reversal symmetry
protected surface states, was predicted in 2009 [1.6] and later shown experimentally [1.11-1.12].
The band structure of an insulator has an energy gap between the valence and conduction bands,
and the band structure of the TIs has a similar gap. However due to spin-orbit coupling there is
crossing of the conduction and valence bands which results in bending of the bands, giving rise
to band inversion. This concept is illustrated in Figure 1.3a. Spin-orbit coupling (SOC) [1.13],
relates the interaction between the electron spin and its momentum for atoms of high atomic
mass. The interaction between the spin and its orbit can shift the energy level due to the magnetic
field formed by its orbit around the nucleus. In the case of the stronger SOC in TIs, there is an
inversion in the edge of the bands (the maximum in the valence band and minimum in the
conduction band). When material has strong SOC and time reversal symmetry (TRS), protected
surface states evolve, as also seen in figure 1.3a. The electrons in the surface states have their
spin and momentum always perpendicular to each other, i.e., the surface states are momentumspin locked. This feature is useful for electron spin conservation in devices and has applications
in spintronics. Because of this TRS, and momentum spin locking, both the momentum and the
spin flip between the surface states. As a result, the surface states are topologically protected, and
robust to backscattering, i.e., impurities and defects in the crystal do not affect the movement of
electrons in the surface states. Figure 1.3b shows a typical angle-resolved photoemission
spectroscopy (ARPES) scan of Bi2Se3 showing the Dirac cone and the bottom of the conduction
band. Since Bi2Se3 is n-type doped, the Fermi level is in the conduction band well above the
Dirac point.
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Figure 0.3: (a) Transition from trivial insulator to a topological insulator as a function of the
spin-orbit coupling strength. Adapted from [1.14]. (b) Angle-resolved photoemission
spectroscopy (ARPES) scan of Bi2Se3 showing the Dirac cone and the bottom of the con

An important situation arises when magnetic impurities are introduced in these materials.
Magnetic impurities break the TRS and open a gap in the surface states via coupling between the
magnetic moments of the magnetic impurities and the surface states [1.16]. This gap in the Dirac
surface states is essential for demonstration of quantum anomalous Hall effect (QAHE) [See
section 1.4.1], and for the realization of Majorana fermion and other exotic physical phenomena
that are being eagerly pursued by physicists for applications as q-bits in quantum information
systems or dissipation-less transport. The TIs discussed here have a small bandgap of 0.2-0.3eV
[1.17-1.18]. In order to observe the surface states in the TIs, a thickness of at least 6 QLs is
required [1.19]. In systems with less QLs, the surface states couple, and only a bulk gap is
observed without the existence of surface states.
Because of the small bulk bandgap and the typical high background doping in the bulk,
which mask the surface electrons, observation of the topological surface states in TIs is difficult.
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A measurement that is frequently used to probe their existence is magnetoresistance (MR). In 2dimensional systems a signature of the MR signal is the presence of weak antilocalization
(WAL) cusp as seen in figure 1.4a. The WAL is a phenomenon that is created by strong SOC
where the electrons are less affected by backscattering, leading to decrease in the resistance (and
increased conductance) [1.20] as expected for the surface states of the TIs. A good fit for the
WAL cusp observed at low magnetic fields is often done using the Hikami-Larkin-Nagaoka
(HLN) theory [1.21]. Several parameters can be extracted from the fit to the HLN theory. One of
the parameters extracted from the fit is “α”, which is proportional to the number of 2dimensional channels (or surface states in the case of TIs) that there are, where an “α” value of
0.5 indicates a single channel. Another value is the dephasing length “lφ”, which is the distance
the electron can travel before changing its phase coherence. Based on the HLN theory, the lφ
value decreases exponentially with increasing the temperature and a fit of the lφ values of the
material at different temperatures can also attest to the existence of the 2D channels. An example
of HLN fit to a magnetoconductance measurement of a sample is shown in figure 1.4b.
As previously stated, probing and utilizing the surface states is hindered due to a
relatively small bandgap and high bulk carrier density that drive the Fermi level into the bands.
Part of the carrier density results from defects during growth and are not due to impurity doping
levels. Bi2Se3 is n-type due to Se vacancies [1.22], Bi2Te3 can be n-type or p-type [1.23] based
on the growth conditions and Sb2Te3 is p-type due to antisite defects [1.24]. These defects
increase the carrier density levels in the TIs, to the order of 1019 cm-3, hindering the research and
realization of the interesting physical phenomena predicted for them.
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Figure 0.4: Transport measurements of Sb2Te3/Be2Se3 structure grown on Sapphire. (a)
Magnetoresistance of the sample showing the weak antilocalization (WAL) cusp (enclosed in the
blue square). (b) Magnetoconductance of the same sample with a fit to the Hikami-LarkinNagaoka (HLN) theory (blue line).

For example, in order to observe QAHE in magnetic TIs, a low carrier density and the placement
of Fermi energy in the gap (possibly by external “gating”) are required. In order to decrease the
carrier density in the TIs, an adjustment in the growth conditions of the TIs is helpful. For
example, improved growth conditions can lower the carrier density by decreasing the defects in
the crystal. Another approach to reduce bulk doping, pioneered in this thesis research, is band
structure engineering, which will be described below in chapter 4.

1.3 Bandgap engineering
Bandgap engineering, or band structure engineering, is an important tool to modify and
tailor materials as needed. It has many different implementations and has been the basis for the
exploding field of semiconductor technology. The concept of bandgap engineering was first
proposed by H. Kroemer as a way to achieve wide bandgap emitters for transistors [1.25] using a
semiconductor heterojunction. The basis of bandgap engineering is to combine semiconductors
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with different bandgaps in order to produce a new material with new properties and
functionalities that differ from those of the constituent semiconductors. Examples of bandgap
engineering include alloys, quantum wells and superlattices.

1.3.1 Semiconductor Alloys
Formation of alloys of two semiconductors with a common element, for example GaAs
and AlAs are a simple way to achieve bandgap engineering. Each material separately has its own
bandgap and when combining them, as a solid solution or an alloy, into GaxAl1-xAs, at different
“x” values the bandgap will change accordingly. When the materials share a common atom the
growth process is facilitated, but this is not required for band engineering. If this limitation is
removed, there are a huge number of possible alloys that can be formed, combining two, three or
more semiconductors. Alloys from group IV (e.g. SixGe1-x), III-V (e.g., InxGa1-xAsyP1-y) II-VI
(e.g., ZnxCdyMg1-x-ySe), and more are being used and studied today.
A commonly used diagram to consider band engineering is shown in Figure 1.5, which
shows the bandgap of common III-V semiconductors and their lattice constant. The lines
connecting the binary compound end points are possible compositions of alloys combining the
two semiconductors, their bandgaps and their lattice constant. In addition to alloy formation,
band engineering can be achieved by stacking layers of different compounds into a multilayered
nanostructure using epitaxial growth techniques, such as MBE. Since the growth of these
structures must be done on a substrate, a good correlation of the lattice constant between the
substrate and the layers is crucial in order to avoid strain defects in the grown material.
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Figure 0.5: Bandgaps of common III-V materials and their lattice constant [1.26].

1.3.2 Semiconductor Quantum Wells
One of the most widely used examples of bandgap engineering is the formation of
quantum wells. Quantum wells (QWs) are heterostructures made by encasing a thin layer of a
small bandgap semiconductor between two layers of another semiconductor with a larger
bandgap as illustrated in figure 1.6. The thickness of the small bandgap QW is kept small, less
than the size of the electron wave function in that material. This results in the formation of
discrete energy levels, or quantized states, in the potential well formed by the structure. The
bandgap of the thin layered semiconductor can then be tuned by varying its thickness [1.27].
Advancement in QWs research led to innovation and improvement in a myriad of semiconductor
devices including QW lasers, diodes and detectors.
The QWs can be repeated within a structure to form a superlattice or multiple QW
structure, which is then used in device applications. There are different types of electronic
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transitions that may be used in a device application. One is the transition between the valence
band states and the conduction band states, utilizing the bandgap of the QW, or the so-called
band-to-band transition. Another electronic transition is between two energy states within the
valence or the conduction bands. These transitions are called inter sub-band (ISB) transitions.
The ISB transitions can be used to produce a variety of devices including quantum well infrared
photodetectors (QWIPs), Quantum cascade lasers (QCLs) and Quantum cascade detectors
(QCDs) [1.28]. A special case of superlattices is the so-called short period superlattice, which
will be discussed in more detail in the next section.

Figure 0.6: Illustration of a quantum well, showing quantized energy levels and possible
electronic transitions.

1.3.3 Short period superlattices
Short-period superlattices (SSLs) are another way to tune the band structure of a material.
In a SSL, two alternating layers, both having reduced dimensions are repeated. The dimensions
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must be small enough so that there is coupling between the confined states in the QWs. By
varying the thicknesses of the layers, the properties of the resulting structure can be tuned.
In SSLs, the individual wells and barriers are not isolated from each other due to their
small dimensions. As a result, the energy levels can hybridize to form minibands that become the
conduction and valence bands of the structure. Depending on the band alignments between the
two materials that make up the SSL, there are three types of SSLs that can be grown, type I, type
II and type III as illustrated in figure 1.7 [1.29]. In type I, the conduction and valence bands of
one material are contained within the conduction and valence band of the other material. This
alignment is the same as the alignment that gave rise to the quantum well described above
(Figure 1.6). As can be seen from the figure, the resulting SSL bandgap can be less than or equal
to the bandgap of the largest bandgap component. In type II, the bandgaps of the materials are
staggered, and one material has lower energy valence and conduction bands than the other. In
this case, the SSL bandgap can be larger than the larger bandgap component, but will be
considerably less than the sum of the bandgaps of the two component layers. In type III, there is
no overlap in the bandgaps, and the valence band of one material is at a higher energy than the
conduction band of the other. Type III can be viewed as an extreme example of type II
alignment.
The type III SSLs band alignment provides a unique property. In type III band alignment,
the gap formed between the minibands can be larger than the sum of the individual bandgaps,
depending on the energy discontinuity between the bandgaps of the materials, achieving the
possibility of gap enhancement of the whole system. Since carrier promotion to the conduction
band decreases with increasing bandgap this “band gap enhancement” can be used for lowering

12

the carrier density, which was explored in this thesis for reducing the bulk doping of TIs. The
study of a SSL of Bi2Se3/Sb2Te3 will be discussed in chapter 4.

Figure 0.7: Illustration of the types of short-period superlattices (SSL). The conduction and
valence minibands that form in these SSL are illustrated for the type III SSL.

1.4 Magnetic properties of materials
Magnetism [1.30] is a force of attraction or repulsion due to moving electric charges.
Electronic spin in atoms can be considered as spinning charges that can give rise to the magnetic
properties of the materials. As a result of net electron spin, magnetic materials can be attracted or
repelled by an external magnetic field. This interaction is referred to as magnetism. Magnetism
was first described by Thales of Miletus (c.624-546 BC) and is still being intensely investigated
today. Many great scientists studied magnetism and the magnetic properties of materials. Among
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them there are Carl Friedrich Gauss (1777 – 1855) that studied the magnetic field of the earth,
Michael Faraday (1795 – 1867) that discovered electromagnetic induction and Heinrich Hertz
(1857 – 1894) that proved the existence of electromagnetic waves. Magnetism and magnetic
materials are used in everyday objects, such as the magnetic compass and many others.
Magnetic properties of materials are also at the front line of materials research, for forward
looking applications such as spintronics and quantum computing.
Magnetic materials are divided into different categories depending on how they respond
to an external magnetic field. They are classified as diamagnetic and paramagnetic when the
interactions are weak, and ferromagnetic, anti-ferromagnetic and ferrimagnetic, when stronger
magnetic ordering is present. Paramagnets and diamagnets are considered non-magnetic.
Paramagnets are materials with random magnetic momentum orientation, adding to nonmagnetic behavior. Under high external magnetic field, the moments can temporarily align.
However, when the external field is shut off, the moments return to their original orientation.
Diamagnetic materials are non-magnetic materials as well, under high magnetic field, they
produce a small magnetic moment negative to the direction of the applied field. Ferromagnetic
materials are materials that have a net internal magnetic moment aligned in a single direction, as
illustrated in figure 1.8. The magnetization in a ferromagnet depends on its temperature, and the
temperature of the magnetization onset is defined as Currie temperature, TC. Below the TC, a
ferromagnet will show a hysteresis loop around 0 field. Anti-ferromagnetic materials also have
ordering of the magnetic moments, however adjacent moments are opposite in direction. In antiferromagnetic materials the magnetic moments add to zero magnetism. Ferrimagnetic materials
are, in a way, a mix between ferromagnet and anti-ferromagnet. The Ferrimagnet has magnetic
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moments in opposite directions, however the total magnetism in the material is not zero. One
way to investigate magnetism in semiconductors is by measuring the Hall effect.

Figure 0.8: Possible alignment of the magnetic moments in different materials: ferromagnetic,
antiferromagnetic and ferrimagnetic.

1.4.1 Anomalous Hall effect and quantum anomalous Hall effect
The Hall effect is named after Edwin Hall who was the first to observe the phenomenon
in 1879 [1.31]. In the Hall effect, when a current is applied to a sample in a direction
perpendicular to a magnetic field, also applied to the sample, a voltage (Hall voltage) is produced
perpendicular to both the current and the magnetic fields. The reason for this Hall voltage is the
deflection of charges (opposite for electrons and holes) in the presence of a magnetic field. Thus
the Hall voltage in a non-magnetic material increases linearly with the magnetic field. The Hall
effect will be discussed in more detail in Chapter 2.2.4. A short time after the discovery of the
Hall effect, Edwin Hall discovered that in ferromagnetic materials the dependence between the
applied magnetic field and the Hall voltage is not linear. This phenomenon was contradictory to
the Hall effect theory thus it was called anomalous Hall Effect (AHE) [1.32]. In non-magnetic
materials the Hall resistivity (ρxy, calculated from the Hall voltage) depends on the external field
and changes with it in a linear manner and with no external field, the ρxy is zero. However, in
ferromagnetic materials, under no external field, the ρxy is not zero due to the internal magnetic
field within the material itself. Since the ρxy is not zero at zero external field, the relation
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between ρxy and the external field, H, must include a second expression due to the magnetism,
M. The relation between ρxy, M and the applied field, H, is [1.33-1.34]:
𝜌𝑥𝑦 = 𝑅𝑠 𝐻 + 𝑅𝐴 𝑀

(1.1)

Where RS (or Rxy) and RA are the Hall and anomalous Hall resistances. RS depends mostly on the
carrier density, and RA depends on specific parameters, unique for each material, and its
longitudinal resistivity ρxx.
The quantum Hall effect (QHE) was predicted [1.35] in 1975 and was experimentally
shown in 1980 by Klaus von Klitzing [1.36]. The QHE is a quantization of the Hall resistance at
ℎ

integer multiples of the von Klitzing constant, 𝜈𝑒 2, where h is the Planck constant e is the
electron charge and v is an integer, named after Klaus von Klitzing. The effect is observed in 2dimentional electron gas (2DEG) system under a strong magnetic field. At low magnetic fields,
the Rxy behavior is similar to the Hall effect, however when the magnetic field is further
ℎ

increased, plateaus appear in Rxy at the integer factors of 𝑒 2 as seen in figure 1.9.
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Figure 0.9: Field dependent Hall resistance steps of e2 with integer i and the corresponding
spikes of the Ohmic resistance of the sample adapted from [1.37]

Quantum anomalous Hall effect (QAHE) is the quantized version of the AHE. The
QAHE is quantized proportionally to integer multiples of

ℎ
𝑒2

in a similar way to the QHE.

Theoretical calculations proposed it for the system of Mn doped HgTe/CdTe [1.38], however this
system was shown to be paramagnetic. After the discovery of 3D TIs, such as Bi2Se3,
magnetically doping a system of 3D TIs was expected to break the TRS, opening a gap in the 2D
surface states, and was predicted to show QAHE [1.39]. The relationship between the Hall effect,
the AHE, the QHE and the QAHE is illustrated in Figure 1.10. In 2013, Chang et al. showed the
QAHE in Cr doped (Bi,Sb)2Te3 system for the first time [1.40]. This phenomenon is of interest
in applications such as dissipationless transport. The discovery of QAHE in magnetically doped
TIs and later the discovery that Mn can incorporate to form a new family of magnetic TI
materials, Mn(Bi/Sb)2(Te/Se)4, opened new and exciting research opportunities.
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Figure 0.10: Illustration of the conditions that give rise to the Hall effect, Anomalous Hall effect
(AHE), Quantum Hall effect (QHE), and Quantum anomalous Hall effect (QAHE). Adapted
from [1.41]

1.4.2 Magnetic topological insulators
ℎ

The discovery of the QHE by von-Klitzing in 1980 showed quantized steps, 𝑣𝑒 2 , in the
Hall resistance, Rxy. The integer v was later identified as the topological invariant, also known as
the Chern number, C [1.14]. The Chern number of the 3D topological insulators is zero due to
their time-reversal symmetry [1.42]. When the TI has magnetism, the time-reversal symmetry
breaks, and a gap can form in the surface states as seen in figure 1.11 [1.38]. In this case the TI
ℎ

can show quantized Hall resistance with step value of 𝑒 2, in other words, it can show QAHE (See
Figure 1.11).
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Figure 0.11: Conditions needed to go from a topological insulator (TI) to realization of the
quantum anomalous Hall effect (QAHE). (a) Topological surface state of a TI. (b) Magnetically
doping the TI and breaking of the time-reversal symmetry. (c) Gap opening in the surface states.
(d) Realization of QAHE. Adapted from [1.43]

One way to achieve QAHE was by magnetic proximity. In this method a TI layer was
placed between two FM insulators. QAHE was achieved by this method [1.44] in 2019, however,
this method is limited by the depth in the TI reached by the magnetism. The first group to show
QAHE experimentally were Chang et al. in a Cr doped (Bi,Sb)2Te3 system at 30mK [1.39]. The
system that showed QAHE at a higher temperature, 120mK, was a V doped (Bi,Sb)2Te3 [1.45].
Later a report of co-doped Cr and V (Bi,Sb)2Te3 showed QAHE at 1.5K [1.46]. However,
disorder resulting from the irregular distribution of the dopants in the crystal prevented
realization of QAHE at higher temperatures. Recently it was discovered [1.47] that when
combining Bi, Mn and Te, during crystal growth, a new crystal structure is formed containing 7
covalently bonded layers, or septuple layers (SLs), instead of the well-known structure of the 3D
TIs of QLs. The SLs have a formula of MnBi2Te4, as seen in figure 1.12. In a SL, an extra layer
of Te and a layer of Mn are added in the middle of the QL structure in the form of Te-Bi-Te-Mn19

Te-Bi-Te with the Mn layer in the middle inducing the magnetic moment of the layer. This
material is an intrinsic magnetic topological insulator. Because magnetism is not induced by
external impurities which introduce defects, it opened the possibility to observe QAHE at higher
temperatures.

Figure 0.12: (a) Structure of Quintuple layer Bi2Te3. (b) Structure of Septuple layer MnBi2Te4.
Adapted from [1.48]

A single SL of MnBi2Te4 has been shown to be ferromagnetic, with the magnetic
moment pointing out of plane [1.49]. However, when two SLs stack, their spins couple
antiferromagnetically, not desirable for the QAHE. In very thin MnBi2Te4 layers, if the number
of SLs is odd, then the sample is FM and the QAHE was observed at 1.4K [1.49]. In addition, it
was shown that introducing non-magnetic Bi2Te3 QLs within the MnBi2Te4 layers in the form of
MnBi2Te4(Bi2Te3)n decrease the antiferromagnetic state of the sample. For n=1,2 the systems
were antiferromagnetic however, for n=3 a FM phase was observed at a Curie temperature (TC)
of 10.5K [1.50]. Deng et al. showed that for n=4, FM phase was achieved and observed QAHE at
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1.9K [1.51]. Another member of the magnetic 3D TIs family, MnSb2Te4, is also being
investigated, and is one of the materials investigated in this thesis. The first reports of MnSb2Te4
growth showed that it is FM with TC of 17K [1.52]. Later report of growth of Mn-rich MnSb2Te4
show a significant increase in the TC up to 45-50K [1.53], a very high temperature. These authors
propose that the higher TC results from the excess Mn and the presence of Mn and Sb antisite
defects. Our own results in the growth of MBE grown (MnSb2Te4)x(Sb2Te3)1-x with Tc values as
high as 80K will be presented in Chapter 6.

1.5 Outline of the thesis
This thesis consists of the following chapters.
Chapter 1 (this chapter) is an introduction of the fundamental physical phenomena that
will be discussed in the thesis. The introduction includes band theory of topological insulators
(TIs), bandgap engineering and short period superlattices, and magnetic topological insulators.
Chapter 2 contains an overview of the molecular beam epitaxy (MBE) system, growth
process and in-situ characterization tools. This chapter also describes a large number of ex-situ
characterization techniques used in this thesis to understand the grown materials.
Chapter 3 presents the growth optimization of the prototypical TI, Bi2Se3. It shows that
modification in the initial growth process can significantly lower a twin defect density in the
grown layers and significantly improve the surface roughness. In addition, this chapter shows the
surface roughness improvement in Bi2Te3 when grown on Bi2Se3 compared to its growth directly
on sapphire. These optimizations were essential in setting the stage for the rest of the research
presented in this thesis.
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Chapter 4 presents the growth of short period superlattices (SSL) of Bi2Se3/Sb2Te3. The
use of SSLs can lower the carrier density of the material. Theoretical calculations supported by
experimental characterizations show that using this SSL system, new designer TI materials were
grown with bandgaps larger than any of the current known 3D TIs.
Chapter 5 presents the study of the MBE growth of (Sb2Te3)1-x(MnSb2Te4)x in an effort to
find a good magnetic TI system. This study reports the analysis of the growth conditions needed
to obtain (Sb2Te3)1-x(MnSb2Te4)x with “x” values ranging between 0 to 1. This work also
presents a growth modification that allowed us to achieve high “x” values with less Mn as a way
to better control the Mn incorporation.
Chapter 6 presents the magnetic properties of the materials system presented in chapter 5.
It shows that the Curie temperature of the (Sb2Te3)1-x(MnSb2Te4)x varies significantly with the
values of “x”. Samples with the highest reported Curie temperatures for any magnetic TI were
obtained. This research is important on the way to achieve QAHE at high temperatures.
Chapter 7 is a summary of the work presented in this thesis and possible future directions.
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Chapter 2: Experimental methods
2.1 Molecular beam epitaxy
Molecular beam epitaxy (MBE) is a high precision epitaxial growth method used for the
growth of metals, semiconductors, and insulators, preformed under ultra-high vacuum (UHV)
[2.1]. The method has been developed by A.Y. Cho and J. R. Arthur. The growth is typically
performed in a UHV system with chamber pressure of 10-10 Torr to assure environment (nearly)
free of any contaminants. Various pumps, including ion and cryo pumps, are used to achieve this
pressure. Titanium sublimation pumps are also used by evaporating Ti into the space of the
chamber, where the reactive Ti vapors evaporate from the filament, and combine with impurities,
such as oxygen, nitrogen, carbon dioxide, etc. in the environment. The species then condense on
the chamber walls and are removed from the environment. In addition to these pumping
methods, the chamber has also a cold jacket close to its walls, and liquid N2 flows through it.
This further aids with maintaining low pressure as contaminants can condense on it. The growth
rate is usually slow enough to allow migration of atoms on the surface to result in highly ordered
crystalline growth. The relatively slow growth rate of 1μm/hr, enables formation of high
precision of ultrathin layers during growth. Using MBE, very complex structures can be grown
one monolayer at a time. In addition, due to the low growth temperatures, MBE is a growth
technique that takes place far from equilibrium, and this allows the growth of a variety of
materials and structures that would not be possible to grow in other ways.
In MBE, the deposition process occurs by molecular beams that react and deposit on a
heated substrate surface. The beams have a practically infinite mean free path in UHV. The
equation for mean free path is displayed in equation 2.1.
(2.1)

𝜆=

𝑅𝑇
√2𝜋𝑑2 𝑁𝐴 𝑃
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R is the gas constant, T is the temperature, d is the diameter of a specific atom, NA is
Avogadro’s number and P is the pressure. Since in an UHV environment the pressure is very low
(10-10 Torr) the mean free path is immensely greater than the boundaries of the system, i.e., the
mean free path is in the order of Km while the typical distance between the sources cells and the
substrate is about 0.2m. Based on the mean free path, it is acceptable to assume that there would
not be interactions between the beams prior to the surface (the beams travel in a perfect vacuum).
Atoms that reach the surface can adsorb followed by immediate desorption and the relationship
between these two processes is defined as the sticking coefficient of the material i (si).
(2.2)

𝑆𝑖 =

𝑁𝑎𝑑𝑠
𝑁𝑡𝑜𝑡

Where Nads is the number of atoms adsorbed and Ntot is the total atoms that reach the surface.
When all atoms reaching the surface adsorb the Si is equal to 1, however in many cases the Si is
lower. Based on the substrate temperature, the adsorbed atoms can acquire enough energy and
desorb from the surface.

Figure 0.1: Illustration of the processes that happen during MBE growth [2.2].
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There are multiple processes that can occur on the surface after the evaporated atoms
reach the surface as shown in figure 2.1. The atoms can adsorb on the surface, diffuse on the
surface to another location, inter-diffuse with existing atoms in the lattice and incorporate into
the lattice. In addition, the atoms can desorb from the surface and not take part in the growth
process. The adsorbed atoms bond to the lattice at crystal sites that are created by a dangling
bond, step edge or a vacancy.
The adsorption of the atoms can be divided into two types, physisorption and
chemisorption. In physisorption there is no chemical interaction and electron transfer between
the atoms and the surface and van-der-Waals forces are the attraction force between them. In
chemisorption there is a chemical interaction (and transfer of electrons) between the atoms and
the surface. During a typical MBE growth, the atoms go through a two-step mechanism, first a
physisorption step, during which step the atoms can also diffuse to find a crystal site. Next, the
atoms go through a chemisorption step on the bonding site and incorporate into the lattice.

Figure 0.2: Schematic illustration of MBE growth
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A schematic illustration of a typical MBE growth chamber is presented in figure 2.2.
Multiple source cells containing the elements that make up the growing crystal lattice are all
aligned to the same direction and designed to mix with each other at the point where the
substrate is located. The sources are high purity (mostly 6N and higher) elements or molecules
and are in solid, liquid, or gaseous phases. The solid and liquid sources are typically heated in
crucibles in effusion cells called Knudsen Cells [2.3] and their temperature is monitored via
thermocouples to ensure constant temperature in the cell and, consequently, to maintain the flux
coming out of the cell constant. Some elements like As or Se evaporate as molecules (dimers,
tetramers, etc.) when used in Knudsen cells. In order to grow higher quality layers, these
molecules need to be broken down to their elemental form [2.4]. Cells used for those materials
are called cracker cells. In a cracker cell, there are two heating zones, one to heat the bulk and
evaporate the element, and another at the tip of the cell heated to higher temperature. At these
high temperatures the molecules break up into its elemental components. The composition of the
grown layer is controlled by the fluxes that arrive at the surface. In order to control which flux
reaches the surface, shutters placed at the opening of the effusion cells can be opened and closed
by the grower. The use of shutters dictates which beam reaches the surface and by that allows the
growth of complex designed structures. Prior to the growth, the flux of the evaporated source
materials is measured by an ion gauge located at the place of the substrate (flux gauge). The
exchange between the ion gauge and the substrate holder and heater is done by a swivel arm
controlled externally by the grower. Once the desired source temperature is reached, it is typical
to wait for a predetermined time for the precise stabilization of the temperature of the cell
(usually an hour after the desired temperature of the cell is reached). When the cells are ready,
the fluxes are assessed by reading from the pressure in the flux gauge. This reading is known as
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the beam equivalent pressure (BEP) and is not equal to the flux, but it is proportional to it. Based
on the BEP reading the cell temperatures can be adjusted to achieve the desired BEP (or flux) for
the growth. Due to the UHV in the chamber, the beams of the fluxes of the sources do not mix
prior to reaching the surface. To ensure uniform coverage of the substrate surface, it is rotated
during the growth. The substrate is heated to ensure a sufficient energy for the atoms to diffuse
on the surface and deposit at the appropriate lower energy site, but low enough so all the
materials do not re-evaporate. Control of the substrate temperature is very important, and the
wrong growth temperature will greatly hinder the growth. At too low a temperature, atoms that
arrive at the surface stick too soon, without reaching the appropriate lattice sites, and arranging
themselves in a disordered fashion. This often leads to amorphous layer formation. At too high a
temperature, the atoms that reach the surface re-evaporate and little or no growth occurs.

Figure 0.3: Illustration of the three MBE growth mechanisms. (a) Volmer-Weber, (b) Frank-van
der Merwe, and (c) Stransky-Krastanov [2.5].

Generally, there are three growth mechanisms in MBE, Volmer-Weber (VW), Frank-van
der Merwe (FM) and Stransky-Krastanov (SK). These are illustrated in figure 2.3. In VW (fig.
2.3a) the growth occurs by a formation of nucleation islands on the surface. The growing crystal
bonds to itself rather than the substrate leading to the formation of islands that may grow
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independently of each other. This can result in twins or other defects when the islands coalesce.
The FM method, illustrated in fig. 2.3b, is a layer-by-layer growth. In this method a full layer is
formed before the layer above it starts. The materials prefer to bond at the step edges of the layer
thus promoting a smooth two-dimensional layer. This is the preferred method for growth of
heterostructures as there is a need for a smooth and sharp interface between the layers. The third
technique, SK illustrated in fig. 2.4c, is a type of a mix between the two other methods. In this
method there is a growth of an initial layer followed by formation of islands. The island
formation is typically driven by strain produced by the lattice mismatch between the layer and
the substrate. This is the preferred method to grow quantum dots by MBE.

Figure 0.4: (a) The Tamargo MBE lab at CCNY. (b) Schematic drawing of the II-VI/TI growth
chamber at the Tamargo lab.

Figure 2.4a shows the MBE system at the Tamargo lab. The system includes three growth
chambers: one for the growth of III-V materials, another one dedicated to II-VI and TI materials
and a metallization chamber, which contains two effusion cells and an electron beam evaporator
for refractory metals. The growth chambers are connected by a UHV transfer track enabling a
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growth of complicated structures without exposing the sample to air. The samples are introduced
into the chamber via a small load lock chamber. The samples are loaded to a cart that can be
moved in the track between the chambers (and the load lock). A transfer arm is used to remove a
block from the cart and place on the sample holder. A schematic of the II-VI / TI chamber that
was used for growth in this research is illustrated in figure 2.4b. The elemental sources available
in the chamber are Se, Te, Mn, Bi, Sb and other group II elements as well as a N2 plasma source.
The substrate holder system contains a heater (substrate heater) and a thermocouple used to
measure the substrate temperature. The holder has the capability to rotate in order to ensure
smooth and even growth throughout the growth process. The holder is part of the manipulator
system that also contains an ion gauge that can be placed at the same location of the substrate
holder and measure the BEP in order to evaluate the elemental fluxes that arrive at the surface
during growth.
One important advantage that MBE has over other epitaxial growth techniques is the
ability to monitor the growth in-situ during growth. There are number of tools that are used
within the MBE system to assist with growth, but the most common tool is the reflection high
energy electron diffraction (RHEED), which enables to monitor the surface during growth. This
technique will be described in more detail later in this chapter. Another very common one is a
mass analyzer, which can monitor the species in the environment during growth. Some MBE
systems contain post growth analysis tools in separate chambers attached through an UHV
transfer track, for example, scanning tunneling microscopy (STM), X-ray photoelectron
microscopy (XPS) and angle-resolved photoemission spectroscopy (ARPES).
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2.1.1 Epitaxial growth
Epitaxial growth is defined as the growth of a crystalline layer on a crystalline substrate
where the layer “mimics” or registers with the orientation of the substrate. In this method a thin
film of a 3D crystal grows on a 3D crystalline substrate [2.6]. The film’s crystal is in close
registry with the substrate and strong covalent bonds form between them. The required registry
between the layer and the substrate results in the strong dependency of the layer crystal quality
on the lattice constant of the materials. The grown layer needs to match the lattice constant of the
substrate in order to avoid strain in the lattice and formation of defects in it. Ideal epitaxial
growth can be homoepitaxy where the same material is used for the substrate and the grown
layer (for example growth of GaAs on a GaAs substrate) or heteroepitaxy where the substrate
and the grown layer are two different materials (for example growth of AlAs on a GaAs
substrate). Figure 2.5a shows an example of conventional epitaxy of GeTe on Si, the covalent
bonding and the lattice matching are clearly visible in the TEM image.
When epitaxy involves growth of crystals that are layered in nature, with van der Waals
forces terminating the crystals, the technique is called Van-der-Waals (vdW) epitaxy: that is, the
growth of a vdW material on a vdW material or substrate [2.7-2.8]. In this growth there are no
covalent bonds between the substrate and the deposited layer. The only binding forces between
them are weak vdW forces. Since there are no covalent bonds between the substrate and the
grown layer, there is no strain limitation, and the grown layer grows unstrained from the first
monolayer. Figure 2.5b shows an example of vdW epitaxial growth of HfSe2 on highly ordered
pyrolytic graphite (HOPG). It is clearly shown both in the model (top) and the TEM image
(bottom) that both the substrate and the grown layer are vdW materials. The grown layer is
ordered with no defects that would arise from a difference in lattice constant.
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Quasi-van-der-Waals epitaxy (QvdW) is the growth of a layered or van-der-Waals (vdW)
material on a 3-dimentional substrate [2.9]. QvdW epitaxy is always a heteroepitaxy growth
method (for example Bi2Se3 on sapphire) since the substrate and the grown layer are different
materials. Figure 2.5c shows a growth of Bi2Se3 on InP. As seen in the model and even better in
the TEM, the first deposited layer of Bi2Se3 has some degree of bonding to the InP substrate
(QvdW epitaxy) while further layers grow via vdW epitaxy. Thus, in essence only the first
grown layer is a QvdW layer on the 3-dimentional substrate, while further layers experience
vdW epitaxy. So, although in principle, it is said that vdW materials do not depend on the nature
of the substrate, in reality the substrate does play a role in determining the properties of the layer.

Figure 0.5: Illustration and example TEM images of the epitaxial growth methods: (a)
conventional epitaxy, (b) Van-der-Waals (vdW) epitaxy, (c) Quasi-van-der-Waals (QvdW)
epitaxy [2.10].

2.2 Characterization techniques
As part of MBE research, the grown materials must be characterized. In this part of the
thesis a summary of the characterization techniques that were used in this research will be
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presented. The techniques discussed in this section include reflection high energy electron
diffraction (RHEED), x-ray diffraction (XRD), x-ray reflectance (XRR), Hall effect
measurements, atomic force microscopy (AFM) and transmission electron microscopy (TEM).

2.2.1 Reflection high energy electron diffraction
Reflection high-energy electron diffraction (RHEED) [2.11] is an important advantage of
MBE, enabling the assessment of the growth in real time, throughout its duration in-situ. The
RHEED setup (figure 2.6a) includes an electron gun, phosphorescent screen and in most cases a
CCD camera or other detection system connected to a computer equipped with an analysis
software. An electron gun that requires a voltage of 10-30keV generates an accelerated electron
beam. The beam hits the sample surface at a shallow incident angle (θ) of 1-3° and the electrons
are diffracted by the sample surface and hit the phosphorescent surface to produce the RHEED
pattern. Since the beam angle is very shallow only the top few layers of the surface interact with
the e-beam, so it is very sensitive to the atomic arrangement of the growing surface. This pattern
gives the grower information regarding the atomic arrangement, roughness of the surface and its
crystallographic planes. A typical RHEED pattern is shown in figure 2.6b for a Bi2Se3 sample at
the end of its growth.
The RHEED pattern on the phosphorescent screen is a result of the diffraction of the
electrons on the surface. In reciprocal space (figure 2.7a), when the electrons beam (kin) hits the
surface, the electrons are diffracted and have wavevectors (kout) the same magnitude as kin. All
the kout wavevectors form a sphere called an Ewald sphere [2.13]. In reciprocal space, the surface
of a crystal lattice is a series of infinite rods. At the points where the Ewald sphere intersects
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with a set of infinite rods in a row, the diffraction conditions are met, and a spot will appear on
the screen (in real space).

Figure 0.6: (a) illustration of a typical RHEED setup. Modified from [2.12] (b) Example
RHEED image of single crystal Bi2Se3 grown at the Tamargo lab.

If the sample used is a perfect single crystal the reconstruction on the RHEED screen
would show spots in a circle as can be seen in the top example in figure 2.7b. However, the
growth is never a perfect flat single crystalline surface. During growth, a smooth surface contains
multiple domains on the surface and the spots elongate. When this occurs, the reconstruction
becomes a series of streaky lines, as seen in the second row of figure 2.7b. This is the most
typical RHEED pattern for smooth surface during MBE growth. When the growth is not smooth
and the surface is made of multiple steps, the streaky lines widen and become dimmer, as seen in
the third row of figure 2.7b. When the growth evolves into 3-dimentional islands on the surface
the streaky lines transform to a set of spots in vertical lines (unlike the single spots of a perfect 2dimentional surface), as seen in the bottom row of figure 2.7b.
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Figure 0.7: (a) Illustration of the Ewald sphere and the electron beam diffraction. Adapted from
[2.14]. (b) Possible RHEED patterns and their representation in the direct and reciprocal space.
Adapted from [2.15].

During growth, the intensity of the RHEED reconstruction oscillates as seen in figure 2.8.
This oscillation is related to the growth rate and the roughness of the surface. During ideal
epitaxial growth, the growth process includes formation of nucleation sites on the surface that
expand to form a 2-d layer. At a full smooth layer, the intensity is at its peak. As the new layer
starts to form by the formation of small islands, there is some scattering in the RHEED
reflection, and the line intensity lowers. As the islands grow, at about 50% coverage, the RHEED
reconstruction gets to its dimmest point. As the new layer coverage increases the RHEED
intensity increases until the formation of a full layer and a peak in intensity is reached. Since the
peak intensity is a sign of completion of a layer, the time between peaks can be used to calculate
the growth rate in the form of monolayers per second. As more layers grow, some roughness
develops on the surface, reducing the amplitude of the oscillations. Prior to finishing the layer,
new nucleation sites start forming on the surface and some scattering is still present, causing the
peak RHEED intensity to decrease. Analysis of RHEED intensity oscillations is one of the best
methods to estimate growth rate.
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Figure 0.8: Change in RHEED intensity based on the progress of the growth of a new layer.
Adapted from [2.16].

2.2.2 X-ray diffraction
X-ray diffraction (XRD) is a powerful tool in the MBE grower toolbox to analyze grown
crystals [2.17]. This is an effective non-destructive technique used to learn about the structure,
quality, and more from a small sample. A monochromatic x-ray beam of a specific wavelength,
typically Cu Kα1 (λ=1.5406Å), is diffracted of the sample and the diffracted beams are collected
by a detector. The source and detector are moving in set angles to collect data including crystal
structure, lattice constant, composition, thickness, and strain from the samples as well as
different defects in the sample, for example twin defects. The XRD system at the City College of
New York is a Bruker D8 discover with a da-Vinci configuration. The XRD source in use is
copper and a series of x-ray optics are used to isolate and collimate the Kα1 beam. A variable slit
detector is mostly used in this research to increase intensity on the expense of resolution as other
detectors cannot detect the diffracted pattern.
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The interference of the x-ray beam can be constructive or destructive. A constructive
interference occurs when Bragg’s law is satisfied as illustrated in figure 2.9a. Bragg’s law is
stated in equation 2.3 [2.18].
(2.3)

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃

Where n is appositive integer, λ is the wavelength of the x-ray beam, dhkl is the distance between
the planes and θ is the incidence angle. The distance d is defined in equation 2.4.
(2.4)

𝑑ℎ𝑘𝑙 =

𝑎
(ℎ2 +𝑘 2 +𝑙2 )1/2

Where a is the lattice constant and h,k,l are the Miller indices of a specific plane. When 2dhklsinθ
equals a positive integer, there is a constructive incidence, and the detector will register a peak in
intensity. Figure 2.9b shows an example of the XRD pattern for a Bi2Se3 grown on a sapphire
substrate. The peaks correspond to a constructive scattering of the Bi2Se3 and the sapphire.
Comparison of the peak positions to reported literature values can be used to identify a
compound. The width and resolution of the peak is an indication of crystalline quality.
At the case of alloys and short period superlattices the position of the peaks of the sample
can shift based on the alloy or the period composition. Based on the known lattice constant (and
XRD peak positions) of original binary materials used to create the sample (for example GaAs
and InAs in InGaAs or in InAs/GaAs short period superlattice), the peak positions of the sample
can be used to calculate the composition of the sample by use of the following equation [2.19].
(2.5)

𝜃𝑎𝑏 = 𝜃𝑎 (𝑋) + 𝜃𝑏 (1 − 𝑋)
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Where θa, θb, and θab are the XRD peak positions of materials “a”, “b”, and their alloy “ab”. By
solving the equation and extracting the value for “X”, it is possible to find the composition of the
sample.

Figure 0.9: (a) Illustration of the principles of Bragg diffraction (b) High-resolution X-ray
diffraction 2θ-ω scan of Bi2Se3 grown on Al2O3 (sapphire).

2.2.3 X-ray reflectivity
Besides XRD, there are techniques that utilize x-rays for characterization, one of which is
x-ray reflectivity (XRR). XRR is used to estimate the sample thickness, density, and can be used
to assess its roughness [2.20]. In this technique the x-ray is applied to the surface at a grazing
angle, smaller than the smallest reflection angle. An example of XRR plot is shown in figure
2.10. The oscillations shown are due to the x-ray interference with the layer. The distance
between them is used to calculate accurately the thickness of the sample. The equation used for
the thickness calculation is derived from Bragg’s law and defined as [2.17]:
(2.6)

𝜆

𝑑 = 2(𝑠𝑖𝑛𝜃 −𝑠𝑖𝑛𝜃
𝑖

𝑖−1 )

45

Where d is the layer thickness, λ is the x-ray wavelength and θi and θi-1 are two adjacent
oscillations.
A large distance between the oscillations means thinner samples and as the distance gets
smaller, the sample thickness increases. XRR works best for samples with thickness of 10nm to
100nm. In case of short-period superlattices, superimposing oscillations can be visible and the
period thickness as well as the total thickness can be calculated. The sample roughness can be
assessed by observing the decay rate of the signal. In case of a perfectly smooth sample the
signal can be seen up to higher angles whereas in rough samples the decay is very fast, and the
oscillations may not be observed.

Figure 0.10: XRR scan of a short-period superlattice of Bi2Se3/Sb2Te3
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2.2.4 Hall effect
Hall Effect measurements are a powerful technique to calculate the electrical and
magnetic properties of the grown samples [2.21]. It is used to determine the carrier density, sheet
carrier concentration, mobility, resistivity, and magnetic properties, for example, the Curie
temperature of the sample. The Hall effect is observed as a voltage difference within a sample
and is created when a current is running through the sample under a perpendicular magnetic field
as seen in figure 2.11a. The current I is applied on the sample that is under the magnetic field B.
The result is the accumulation of electrons on one side of the sample while holes accumulate on
the other side, creating the voltage differential (VH or Vxy). The charge accumulation is due to
the Lorentz force, FL, which is described by the equation:
𝐹𝐿 = 𝑞(𝐸 + 𝑣 × 𝐵)

(2.7)

Where q is electron charge, E is the electric field v is the charge velocity and B is the magnetic
field. For an n-type material, the charge will accumulate as seen in figure 2.11a, and the voltage
difference or Hall voltage (VH) is:
𝐼𝐵

𝑉𝐻 = 𝑞𝑛

(2.8)

𝑠

Where I is the current and ns is the sheet carrier density. Using Ohm’s law, the Hall resistance
(Rxy) can be calculated.
(2.9)

𝑅𝑥𝑦 =

𝑉𝐻
𝐼

In practice, the measurement is done using the van-der-Pauw configuration [2.22],
illustrated in figure 2.11b, where the current is applied between diagonal contacts (1,3) and the
VH is measured between the other contacts (2,4). In addition to the sheet carrier density, using
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the van-der Pauw (vdP) configuration the resistivity can also be calculated. From the carrier
density and the resistivity, the mobility can be calculated. For resistivity measurements, the
sample is exposed to magnetic field and a current is applied between two horizontal contacts
(1,2) while the voltage is measured between the other two (3,4).

Figure 0.11: (a) Schematic of the Hall effect. (b) Van-der-Pauw measurement contact geometry
configuration.

After concluding the measurement, the current is applied between the two vertical contacts (1,4)
while the voltage is measured between the other contacts (2,3). For each measurement point the
resistance can be calculated using the following equations:
(2.10)

𝑅𝐴 =

(2.11)

𝑅𝐵 =

𝑉23
𝐼14
𝑉12
𝐼34

Where RA and RB are the calculated resistance, V23 and V12 are the measured voltages between
contacts 2-3 and 1-2 respectively, and I14 and I34 are the applied currents between contacts 1-4
and 3-4 respectively. Using the calculated resistances, the resistivity can be calculated using the
vdP equation:
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𝑒

(2.12)

−

𝜋𝑅𝐴
𝑅𝑆

+𝑒

𝜋𝑅𝐵
𝑅𝑆

=1

Where RS is the resistivity. Using the VH and the RS the mobility, μ, can be calculated via the
equation:
𝑉𝐻

𝜇=𝑅

(2.13)

𝑆 𝐼𝐵

All the measurements done for this research were performed using a Hall system with a
cryostat that can reach temperatures as low as 10K or a physical property measurement system
(PPMS) for measurements as low as 2K. A square sample with four electrical contacts at its
corners made using In solder and gold wires is used for the measurements. The Hall system is a
very useful technique to assess the transport properties of the grown samples. In this research the
Hall system was used to determine the carrier density, type, and mobility of samples. In addition,
magnetic properties were also measured including magnetoresistance, and Curie temperature
determination. Magnetoresistance measurements are a sweep of the magnetic field from negative
field to positive field while measuring Hall and resistivity at specific intervals of the magnetic
field. The magnetoresistance measurement can be used to observe the WAL of a sample in TIs
and to measure AHE and QAHE in magnetic TIs. In addition, in ferromagnetic TIs, the Curie
temperature can be determined using the Hall system. To measure the Curie temperature the
sample is cooled (or heated) and at predetermined intervals of temperatures Hall resistance is
measured at a specific field.
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2.2.5 Atomic force microscopy
Atomic force microscopy (AFM) is a surface scanning technique used to image the
surface topography of a sample [2.23]. A cantilever with a tip attached to it perpendicularly is
lowered to the surface of the sample using a piezoelectric motor. The cantilever is moving across
the sample (in the x direction), following its topography by bending of flexing. A laser beam
focused on the back side of the cantilever is used to measure its vertical movement. The beam
reflects off the cantilever to a position sensitive photo diode that records its position. The
cantilever moves in the y direction and a scan is being repeated to complete a full square. Figure
2.12a shows a schematic of a typical AFM setting. In this research all AFM measurements were
performed using “tapping mode”. In tapping mode, the cantilever is oscillating and “taps” the
surface of the sample. This method affects the surface less as it does not drag along it. AFM is
used to get high resolution, usually micron size topography images. Figure 2.12b shows an AFM
image of Bi2Se3 grown at the Tamargo lab. The triangular surface features are typical for the
topological insulators of the Bi2Se3 family.

Figure 0.12: (a) Setup of atomic force microscope (AFM). Adapted from [2.24]. (b) AFM
topography scan of Bi2Te3.
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2.2.6 Transmission electron microscopy
Transmission electron microscopy (TEM) is a technique used to analyze samples at the
atomic scale by transmitting an electron beam through it [2.25]. A high voltage electron beam of
100-400kV passes through a series of condenser lenses and apertures, then is transmitted through
a very thin sample (less than 100nm), and collected by a detector as illustrated in figure 2.13a. A
TEM scan gives information regarding the structure of the sample and has a resolution of up to
0.1nm. The TEM is used for MBE growth research by providing atomic scale resolution images
of the crystal structure and the layers grown. The TEM is usually used to get a cross-section
image of the samples in order to learn about new grown structures and short-period superlattices,
defects, disorder, and other structural features. In order to scan the cross section of the samples
with TEM, a very thin cross section or lamella of the samples has to be created. The lamella is
cut from the sample and thinned using focused ion beam (FIB) in an scanning electron
microscope (SEM) setting to a thickness of less than 100nm. The process of thinning a sample
can take between six and eight hours and is a very delicate task, as the FIB can easily break the
lamella or damage the surface of the lamella. During the TEM scan, an electron beam is
transmitted at the sample. In this research the data collected in the dark field method, meaning
that the detector detects the diffracted beam of electron instead of the detector for the transmitted
electrons that is used in bright field. An example of a dark field TEM image of MnSb2Te4 is in
figure 2.13b. The detector used was a high angle annular dark-field (HAADF) detector. The
TEM image extracted using this detector is sensitive to the atomic number (Z) scanned. This was
employed to study distribution of atoms with a small Z, such as Mn, within a lattice of atoms of
high Z, such as Sb and Te. While scanning a sample using TEM, another technique can be used
to do an elemental analysis of the sample. Energy-dispersive X-ray spectroscopy (EDX) uses X-
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ray to excite the elements of the sample. Based on the atomic structure of the elements each one
has a unique emission spectrum that, in addition to the peak intensity, are used to determine the
atomic composition of the sample.

Figure 0.13: (a) A schematic of the key elements of transmission electron microscope (TEM)
[2.26]. (b) A high-resolution TEM image of a MnSb2Te4 grown at the Tamargo lab.
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Chapter 3: Reduced Twinning and Surface Roughness of Bi2Se3 and Bi2Te3 Layers
Grown by Molecular Beam Epitaxy on Sapphire Substrates

Reproduced from [J. Vac. Sci. Technol. B 36, 02D107 (2018)], with the permission of AIP Publishing.
https://doi.org/10.1116/1.5017977

3.1 Introduction to the growth of Bi2Se3 and Bi2Te3 by molecular beam epitaxy
Three dimensional topological insulators (TIs) have garnered considerable interest in
condensed matter-physics because of their novel physical phenomena and potential applications.
TIs are insulators in the bulk that have metallic surface states whose spin is locked with
momentum and protected by time reversal symmetry [3.1-3.3]. These properties make them
attractive for spintronic devices and quantum computation. Among 3D topological insulators that
are currently being investigated, Bi2Se3 and Bi2Te3 are particularly attractive because of their
experimentally verified single Dirac cone at the Γ point [3.4]. However, low activation energy of
selenium and tellurium defects [3.5], and twinning due to the symmetry operations in its crystal
structure have hindered their use for devices and transport studies. Here we examine the crystal
quality of Bi2Se3 and Bi2Te3 layers grown on sapphire substrates by molecular beam epitaxy
(MBE), and show that by altering the common initial steps of deposition [3.6], twin suppression
and reduced surface roughness are achieved. The degree of twinning is measured using XRD Φscans and atomic force microscopy (AFM).
5
Bi2Se3 and Bi2Te3 are rhombohedral crystals with a space group 𝐷3𝑑
(𝑅3̅𝑚) having five

atoms in one-unit cell [3.3]. Along the hexagonal plane the material exhibits a quintuple layer
(QL) structure, which consists of two bismuth and three selenium atoms in the c-direction. The
QLs are separated by a van der Waals gap. The interaction between the atoms within a QL is
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strong due to covalent bonding while the interaction between two quintuple layers is due to van
der Waals forces. Due to the weak van der Waals forces between the layer and the substrate,
there is a wide range of substrates that can be used for the growth of these TIs [3.7-3.10].
One of the most notable imperfections of MBE grown Bi2Se3 or Bi2Te3 is the presence of
twinned domains. These are aggregates that form from individual crystals that are different from
each other due to single or multiple symmetry operations. When twinned domains coalesce, a
twin boundary is created that may short the bulk insulator and may affect transport
measurements of the topological surface states. Previous works have reported twin suppression
of Bi2Te3 grown on Si(111) [3.11] using Te passivation and Bi2Se3 on InP(111) [3.12] by
roughening of the initial growth surface. Twin suppression of layers grown on sapphire
substrates (Al2O3) is not well developed. Sapphire is often a preferred substrate of technological
importance due to its properties, such as optical transparency in a wide range of wavelengths,
fully insulating, and low cost. In this paper we report twin suppression of Bi2Se3 and Bi2Te3
layers grown by molecular beam epitaxy (MBE) on sapphire substrates by modification of the
initial nucleation process.

3.2 Growth optimization of Bi2Se3 and Bi2Te3 on sapphire
All samples were grown on (0001) c-plane sapphire substrates with a 0.2° off-cut. A
Riber 2300P system equipped with in-situ reflection high-energy electron diffraction (RHEED)
was used. The background pressure of the chamber was 3-5x10-10 torr during growth. Highpurity 6N bismuth (Bi), selenium (Se) and tellurium (Te) fluxes were provided by a RIBER
double zone cell for Bi and single zone Knudsen cells for Se and Te. Fluxes were measured by
an ion gauge placed in the path of the fluxes. At all times of the growth, Bi reservoir and tip
temperatures were ~730 and 874°C, respectively, Se cell temperature was ~110°C and Te cell
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temperature was ~300°C. The estimated flux ratio was 10:1 Se (or Te) to Bi and led to an
average growth rate of 3.33 Å/min for Bi2Se3 and 4.17 Å/min for Bi2Te3.
Prior to growth, the sapphire substrates were baked at a temperature of 650°C under
UHV to degas the surface. After completion of the bake, several pre-growth optimization steps
were performed. Bi2Se3 samples were grown on sapphire using one or more of these steps to
analyze twin suppression (Table 3.1). The pre-growth steps are: (a) Two minutes bismuth preexposure (sample 4 only) at 140°C. (b) Low temperature buffer (LTB) growth of Bi2Se3 for 2
minutes at 140°C (all samples). (c) Raise substrate temperature to 360°C to remove the LTB at
an average rate of 45deg/min (no fluxes on the sample) until the RHEED starts to show the
features of sapphire (~10s) and then drop the temperature to 140°C at an average rate of 15
deg/min (samples 2,3 and 4). (d) Second deposition of a Bi2Se3 LTB at 140°C (samples 2,3 and
4). (e) Annealing of the second LTB at 275°C (samples 3 and 4) with a selenium flux on the
sample. (f) Growth of the Bi2Se3 layer at a temperature of 275°C. Quoted temperatures are the
thermocouple readings as measured during growth. Sample 1 was grown using only step “b”,
which is the process typically reported by other in the literature [3.6]. All samples were grown
(step “f”) for two hours to achieve similar thicknesses.
The XRD measurements were performed using a Bruker D8 Discover diffractometer with
a da Vinci configuration and a conditioned Cu Kα1(1.5418 Å) source. A 1 mm slit, and
collimator were used to eliminate the effects of substrate bowing. All scans were measured
without an analyzer crystal in a double crystal configuration. Atomic Force Microscopy (AFM)
images were captured with a Bruker Dimension FastScan AFM with a FastScan-A silicon probe.
Roughness (rms) for each sample is extracted from four separate 4µm2 AFM scans whose
individual values are then averaged.
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Buffer Steps
Sample

Thickness

Number

(nm)

2 min
Bi exp.

(140C)

Remove

2 min

Anneal

(140C)

(275°C)

1

46.1

No

Yes

No

No

No

2

36.6

No

Yes

Yes

Yes

No

3

37.6

No

Yes

Yes

Yes

Yes

4

37.1

Yes

Yes

Yes

Yes

Yes

Table 0.1: Pre-growth optimization steps employed prior to MBE growth on sapphire.

3.3 Characterization of the Bi2Se3 growth modification
Several steps were implemented as a pre-growth procedure to prepare the sapphire
substrate for Bi2Se3 crystal growth. Each step had an observed effect on both the initial layers
and the bulk crystal grown on top. Due to charging of the sapphire insulating substrate, the first
few monolayers of growth are difficult to observe with in-situ RHEED, yet small differences
were observed. The initial deposition of Bi made the sapphire RHEED pattern slightly diffuse,
indicating that Bi is deposited on the surface. This is followed by a change in RHEED pattern to
a diffuse and spotty pattern after growth of the LTB (figure 3.1a). This pattern evolves into the
typical (1x1) Bi2Se3 streaky RHEED pattern after further growth. By contrast, when the second
LTB is grown a significantly improved elongated (1x1) RHEED pattern is observed (figure
3.1b). This again evolves in to a streaky (1x1) Bi2Se3. We conclude that the second LTB is
significantly improved in quality when compared to the first one. The annealing (step “e”) does
not affect the appearance of the RHEED. From the RHEED observation we conclude that the
removal of the first LTB followed by growth of a second one has an important effect on the
Bi2Se3 quality.
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Figure 0.1: Reflection high energy electron diffraction (RHEED) images of the sapphire surface
after growth of (a) the first low temperature buffer and (b) the second low temperature buffer.

Clear Pendellösung fringes are observed in XRD 2- scans of all samples grown,
regardless of the initial pre-growth procedure employed. The 2- scan of sample 1 can be seen
in figure 3.2. The presence of Pendellösung fringes indicates smooth interfaces and high material
quality. The layer thicknesses calculated from these fringes, also given in table 3.1, are 46.1 nm,
36.6 nm, 37.6 nm and 37.1 nm for samples 1, 2, 3, and 4, respectively.
The crystal quality was further characterized by measuring XRD rocking curves of the
(006) reflection of the Bi2Se3 layers (figure 3.3). The full-width-at-half-maximum (FWHM) of
the rocking curves were approximately 300 arc seconds for all the samples. These FWHMs are
consistent with those of good quality materials grown on sapphire previously reported [3.13].
This indicates that the use of different pre-growth steps does not degrade the crystalline quality.
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Figure 0.2: 2- scans of the (006) plane of Bi2Se3 for sample 1 showing clear thickness fringes
and the corresponding thickness of the sample.

In AFM images of MBE grown Bi2Se3 layers one can observe triangular shaped features
attributed to their crystal structure. Twin domains appear as triangles rotated by 180° with
respect to each other. Figure 3.4 presents AFM images of samples 1 and 4. In sample 4 (figure
3.4a), most of the triangles are pointing in the same direction indicative of twin suppression,
while in sample 1 (figure 3.4b), the triangles point in opposite directions indicative of the
presence of twin domains [3.14]. Scans taken at several locations on the wafer indicate that
surface roughness was significantly reduced throughout the samples, from an average rms of
1.19 nm in sample 1 to an average rms of 0.60 nm in sample 4. Furthermore, sample 4 has
triangular features that are approximately twice the size of sample 1. These observations suggest
a favored 2D nucleation and growth mode in the case of sample 4.
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Figure 0.3: XRD rocking curves of samples 1, 2, 3, and 4 along the (006) reflection of Bi2Se3
with their corresponding FWHM.

The presence of twinned domains, and their suppression by the application of initial
deposition steps was further characterized by performing XRD Φ scans. Coherent single domain
layers of Bi2Se3 are expected to show peaks every 120º, due to the hexagonal symmetry of the
crystal. As shown in figure 3.5, sample 1 shows peaks occurring every 60°, consistent with the
presence of two twinned domains having a 1:1 ratio Samples 2 and 3 (partially optimized) show
suppression of twinned domains, as seen by the lower intensity of the alternating peaks in the Φ
scans. Sample 4 (fully optimized) has the largest degree of twin suppression, with a 10:1 ratio
between the two twin domains (figure 3.5). This indicates the removal of the first buffer layer
and subsequent regrowth has a strong effect on reducing twin domains (comparison of samples 1
and 2). The additional optimization steps used in samples 3 and 4 further improve upon this
behavior. Using these pre-growth optimization steps, we have achieved 10K mobilities of 1593
cm2/Vs, which compares favorably with values reported for Bi2Se3 grown directly on sapphire
[3.15-3.16]. Higher mobilities have been reported when Bi2Se3 was grown on sapphire on a
buffer layer of In2Se3 [3.17] or Mo2Se3 [3.18].
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Figure 0.4: AFM images of (a) sample 4 grown with the complete growth optimization sequence
and (b) sample 1, grown with only a low temperature buffer layer. The dashed triangles highlight
the orientation of the crystals.

Figure 0.5: Φ scans of the (015) plane of Bi2Se3 of samples 1, 2, 3 and 4. Sample 1 shows
evidence of twinning based on peaks of a 1:1 ratio every 60°. Samples 2, 3 and 4 show twin
suppression based on the brightest peaks occurring every 120°.

3.4 Characterization of the Bi2Te3 growth modification and Bi2Te3/Bi2Se3
heterostructures
Growth of Bi2Te3 was also attempted using the optimization principles presented for the
Bi2Se3. In this case, LTB layers were not used because of excessive tellurium deposition at low
temperatures which degrades crystalline quality. Bismuth exposure of the surface was sufficient
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to suppress twinning as seen in the AFM scans in figure 3.6. The AFM scans showed that the
surface roughness of the Bi2Te3 layer (figure 3.6b) was comparable to reported values [3.19], and
similar to the non-optimized Bi2Se3 roughness reported in this work. In an attempt to further
improve structural quality of Bi2Te3, the Bi2Te3 layer was grown over a thin (10 nm) buffer layer
of Bi2Se3. AFM scans of this heterostructure (figure 3.6a) showed that the Bi2Te3 surface indeed
becomes smoother with reduced roughness when grown on the optimized buffer layer. The
average rms changed from 1.11 nm directly on sapphire to 0.82 nm on the buffer layer. This
suggests that growth on the Bi2Se3 van der Waals surface produces a smoother layer than on
sapphire. Improvement of TI layer quality when grown on a van-der-Waals surface has been
reported for Bi2Se3 grown on MoS2 [18]. The AFM scan shown in figure 3.6a indicates that twin
suppression was preserved when the Bi2Te3 is grown on the Bi2Se3 buffer layer.

Figure 0.6: AFM images of the Bi2Te3 layer grown on (a) a Bi2Se3 buffer layer and (b) directly
on sapphire.

Figure 3.7a shows the rocking curves of the Bi2Te3 layers grown on the two different
substrates. We observe FWHM of 217 arcsec for Bi2Te3 on sapphire and 224 arcsec for the
Bi2Te3 on Be2Se3 buffer layers, indicating good crystalline quality on both substrates.
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Furthermore, as suggested by AFM scans, the Φ scans of the two Bi2Te3 samples (figure 3.7b),
show suppressed twinning in both cases.

Figure 0.7: a) XRD rocking curves of the samples along the (006) reflection of Bi2Te3 with the
corresponding FWHMs. b) Φ scans of the (015) plane of Bi2Te3 grown on sapphire and Bi2Se3.
Both samples show the twin suppression.

The results presented in this work show that the nature of the substrate surface is of
paramount importance in determining the structural quality of the Bi2Se3 and Bi2Te3 layers. We
propose that the pre-growth treatment of the sapphire produces a modified surface which
promotes 2D growth, leading to twin suppression and reduced roughness of the Bi2Se3 layers.
Several steps were added, all of which help improve the final crystalline quality. Of these, the
removal of the first buffer layer, and subsequent regrowth of a second one is believed to be the
most critical, as it allows the growth of a thin ordered, twin suppressed Bi2Se3 LTB on which the
improved Bi2Se3 can continue to grow. The effect may be due to a lower energy of formation of
Bi-O bonds at the sapphire interface and/or due to realignment of domains during evaporation.
Furthermore, since the twins in question are stacking errors, an initial Bi exposure may favor the
formation of a Bi terminated surface, further enhancing the effect. Bi2Te3 grown on sapphire
with pre-growth surface treatments also reduces twinning. Growth of the Bi2Te3 layer on a
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Bi2Se3 buffer layer grown with these enhancements achieves smoother layers, with a roughness
comparable to that of Bi2Se3.

3.5 Conclusions
Twin suppressed Bi2Se3 and Bi2Te3 layers on sapphire substrates were grown by MBE by
modifying the initial nucleation process. A pre-growth procedure was developed to optimize the
layer quality. Samples grown with this pre-growth procedure, exhibit a reduction of the twin
defects and a reduction of surface roughness as measured by AFM and HR-XRD Φ scans.
Growth of Bi2Te3 on a thin high quality Bi2Se3 buffer layer further improves the surface
roughness of Bi2Te3 and maintains a high level of twin suppression. We propose that the pregrowth surface treatment of the sapphire surface presented produces a modified surface which
promotes 2D growth leading to twin suppression and reduced roughness. This result is of
importance in advancing the TI material quality to a level consistent with device applications.
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Chapter 4: Designer topological insulator with enhanced gap and suppressed bulk
conduction in Bi2Se3/Sb2Te3 ultra-short period superlattices

Reprinted with permission from [Nano Lett. 2020, 20, 5, 3420–3426]. Copyright [2020] American Chemical
Society. https://doi.org/10.1021/acs.nanolett.0c00338

4.1 Introduction to bandgap engineering in topological insulators
There is currently much excitement around the novel physics and potential device
applications of 3D topological insulators (TIs) [4.1-4.3]. A bandgap in the bulk, which renders
them bulk insulators, along with metallic helical surface states are the principal properties that
garner interest in their research. The TI’s surface provides a novel electronic state that would
harvest exotic quasi-particles, such as Majorana fermions, and other phenomena [4.4-4.6].
Groundbreaking potential applications such as quantum computing are envisioned [4.7]. The
most widely studied of these materials is Bi2Se3 due to its relatively large bandgap and single
surface Dirac cone, but other group V-chalcogenides such as Bi2Te3 and Sb2Te3 are also of great
interest [4.8].
Despite their attractive properties, the relatively small bandgap of these materials of a few
hundred meV, and the ease of formation of electrically active defects [4.9] result in high bulk
conductivities, masking the features of their exotic surface states. In particular, when grown by
molecular beam epitaxy (MBE), bulk Bi2Se3 is n-type [4.10] and Sb2Te3 is p-type [4.11]. Many
attempts to reduce the bulk carrier density in TIs have been reported, including modification of
the growth conditions and the substrates used [4.11-4.12], impurity compensation doping
[4.13-4.15], and the growth of mixed alloys [4.16]. Despite observed reduction of bulk
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conductivity through these methods, it is evident that significant improvement toward truly
insulating bulk TIs needs the invention of fundamentally new protocols.
Band structure engineering by superlattice formation has been widely applied to
semiconductor physics and devices [4.17-4.18] for decades. In the field of topological materials,
attempts to combine TI layers with trivial semiconductors or combining two topologically trivial
materials to get 3D TIs has been explored. Recently, superlattices of Bi2Se3/In2Se3 [4.19-4.21]
have shown that the bandgap and the Dirac cone of the Bi2Se3 could be modified by the
superlattice structure. Another system, ZnCdSe/Bi2Se3 superlattices, showed multiple topological
surface channels that scale with the number of superlattice periods [4.22]. A few examples of the
growth and properties of heterojunctions and superlattices comprised of two TI materials, such as
Bi2Te3/Sb2Te3, have also been previously reported [4.23-4.26], however the effect of short period
TI/TI superlattices on the band structure and carrier density of the resulting materials, or on their
topological surface states, has not been appreciably addressed.
In this work we report the growth of short-period superlattices (SSL) of alternating
Bi2Se3 and Sb2Te3, (TI/TI SSLs) which have a type-III or “broken gap” band alignment. In typeIII band alignment both the valence and the conduction band extrema of one of the constituent
materials lie above or below those of the other one, and the bandgaps of the two materials do not
overlap [4.27]. The TI SSL structures show a reduction of the bulk carrier density and an
increase of the bulk resistivity as a function of the SSL period thickness, while still retaining the
topological surface states. We interpret this as evidence of new bulk bandgap formation in the
SSL material that increases with reduced period thickness. Tight binding calculations confirm
that for certain materials parameters and TI/TI SSL period, new “designer” 3D TI phases can be
achieved with bulk bandgaps significantly larger than the bandgaps of either of the constituent
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layers. This novel approach to materials design and band structure engineering offers much
promise for the realization of new TI materials with wider bandgaps than those available in bulk
TIs and represents a promising and novel platform for building truly insulating bulk topological
materials.
4.2 Growth and characterization of Bi2Se3/Sb2Te3 short period superlattices
A series of SSL samples consisting of alternating thin layers of Bi2Se3 and Sb2Te3 were
grown by MBE and their structural properties were investigated by high resolution X-ray
diffraction (HRXRD) and transmission electron microscopy (TEM). The SSL structures were
grown on a Bi2Se3 buffer layer on (0001) c-plane sapphire substrates with a 0.2° off-cut. A Riber
2300P MBE system was used with background pressures of 3-5x10-10 torr during growth.
Samples with different SSL period thicknesses, as well as different ratios of individual Bi2Se3 to
Sb2Te3 layer thickness were grown. All samples consist of seven periods of the two alternating
materials. The samples were grown using our previously reported MBE growth procedure that
ensures very smooth and nearly twin free single layer crystals [4.28]. Details of the growth are
presented in section 4.6.1.
Scans of the HRXRD (006) reflection of the zero-order SSL peak (figure 4.1a), and the
superlattice satellite peaks (figure 4.1b) allowed us to calculate the effective composition of each
sample, the thickness of the SSL period [4.29], and the individual thicknesses of the Bi2Se3 and
Sb2Te3 layers. The HRXRD measurements were performed using a Bruker D8 Discover
diffractometer with a da-Vinci configuration and a Cu Kα1(1.5418 Å) source to establish their
crystal quality.
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Figure 0.1: (a) HRXRD measurements of the (006) zero-order SSL peaks, SSL(0), of several of
the SSL samples studied and of pure Bi2Se3 and Sb2Te3. The peak position varied between that
of the two pure materials providing a measure of the average composition of the SSL. The colors
of the spectra transitioning from purple to red, illustrate the gradual change in effective
composition from pure Bi2Se3 to pure Sb2Te3. (b) Full HRXRD spectra od the (006) plane of the
sample with 36% Bi2Se3 effective composition (top) and 52% effective composition (bottom).
From the position of the SSL satellite peaks [SSL(+1), SSL(-1) SSL(+2)] the period of the SSL
could be calculated. Insets: period thicknesses with proportional layer thicknesses calculated
from XRD. (c) HR-TEM cross-section image of the sample with 36% Bi2Se3 effective
composition showing the alternating materials.

The good structural quality was also confirmed by the high-resolution TEM (HR-TEM)
image of the sample with 36% Bi2Se3 effective composition, which consisted of 4 nm Bi2Se3 and
8 nm Sb2Te3, as deduced from the HRXRD data. TEM measurements were performed (EAG
Laboratories) using a Hitachi HD-2700 Spherical Aberration-Corrected Scanning-TEM with
Energy Dispersive X-ray Spectroscopy (EDS). The TEM image (figure 4.1c) shows alternating
layers with different contrast indicating the two different materials: the lighter contrast
corresponding to the Bi2Se3 layer and the darker one to the Sb2Te3 layer. The calculated TEM
thickness values agree well with the layer thicknesses extracted from the HRXRD
measurements. In addition, the HR-TEM image clearly displays the quintuple layer (QL)
structure of the individual layers, as well as the high crystallinity of the structure. Although
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atomically well ordered, the interfaces show some interface steps, or interface roughness, which
appears more pronounced on the surfaces of the Sb2Te3 layers, consistent with observations that
MBE grown Sb2Te3 has a higher degree of roughness than Bi2Se3 [4.11, 4.30].

4.3 Transport properties of Bi2Se3/Sb2Te3 short period superlattices
Transport of all the samples was investigated by Hall Effect measurements, at 10K, using
the van-der Pauw [4.31] (vdP) configuration with Indium contacts on a Lakeshore 7600
electromagnet system. The plot of the Hall resistance (Rxy) as a function of magnetic field (B)
was used to learn the sample conductivity type (n- or p-type). All the samples were measured.
Several representative plots are shown in figure 4.2a. The corresponding effective composition
for each sample is given in the figure. The sign of the slope dictates the conductivity type. We
observed a transition of the SSL conductivity from n-type to p-type at approximately 42% Bi2Se3
effective composition.
Carrier density for all the samples was also obtained from the Hall measurements at 10K.
The bulk carrier density (carriers per cm3) is plotted to correct for variations in total SSL
thickness among the samples. The data is plotted as a function of the %Bi2Se3 effective
composition in figure 4.2b. In this analysis, it was anticipated that the carrier density would reach
a minimum at the transition region between n-type to p-type behavior, as charge neutrality was
achieved. This transition region is indicated in the figure by the bright region in the background
separating the p-type samples from the n-type samples. However, no reduction in the carrier
density near the transition region was evident in the data, suggesting that other factors are
affecting the variations in conductivity of the samples. In fact, no correlation of carrier density
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with %Bi2Se3 effective composition was evident in either the n-type (squares) or the p-type
(circles) samples.
By contrast, a strong correlation is noted in figure 4.2c, where the carrier density is
plotted as a function of the SSL period. Although most of the samples studied are n-type (only
five p-type samples were grown), both carrier types display a similar relationship. A reduced
carrier density for the samples with smaller SSL periods is clearly observed. More than an order
of magnitude reduction in carrier density was obtained between the samples with larger periods
(~12 nm) and those with smaller periods (~5 nm). The two data points for samples with period
above 14 nm do not to follow this trend, and have been excluded from our discussion, since at
sufficiently large layer thickness a superlattice behavior may no longer apply. The low carrier
densities of our smaller period TI/TI SSLs are comparable to the best values reported for the
constituent TI materials grown by MBE directly on sapphire substrates [4.11-4.12,4.32-4.33]. We
believe that these values can be significantly improved, as these results were achieved only by
our first efforts. We propose that mastering the properties of TI/TI SSLs provides a promising
and yet to be explored platform for building truly insulating topological materials.
These observations can be understood based on simple band structure considerations. The
heterostructure band alignments between Bi2Se3 and Sb2Te3 are illustrated in the insets of figure
4.2c. As previously noted, these two materials have a type-III, or “broken gap” band alignment,
[4.34-4.35] and the MBE grown Sb2Te3 is p-type, while the Bi2Se3 is n-type [4.9]. As portrayed
in the insets, the generation of a SSL with small enough periodicity, modifies the band structure
and produces new gaps that can be tuned by changing the SSL period and thickness [4.36].
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Figure 0.2: (a) Hall resistance plots of the SSL samples. The effective composition is listed in
the legend and illustrated by the color of the lines, as assigned in Figure 4.1a. (b) Carrier
concentration of the samples as a function of the %Bi2Se3 effective composition. The bright
vertical region indicates the composition at which the SSL behavior changes from p-type (red
background) to n-type (blue background). (c) Carrier concentration of the samples as a function
of the SSL period thickness, (shaded region is drawn to aid the eye). The color of the symbols in
(b) and (c) correspond to the effective compositions, as indicated in the bar of part (c). Insets
illustrate the type III band alignment between Bi2Se3 and Sb2Te3 and band diagram of the SSL.
The small period SSL results in the formation of a SSL gap, which can be tuned by the period
and layer thicknesses.

4.4 Bandgap engineering and gap enhancement of the short period superlattices
A better understanding of the properties of these short period TI/TI SSLs, and the
possibilities of band structure engineering in these novel materials can be obtained from tight
binding calculations. Since the alternating layers consist of only a few single layers of each
material, we are effectively developing a new type of material and tight binding is the
appropriate method to derive the band structure of our new compound.
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Figure 0.3: (a) Bulk band gaps of Bi2Se3 (blue), Sb2Te3 (black), and of an ultrathin binary SSL
(magenta) of Bi2Se3 and Sb2Te3 with respective layer thicknesses n(Bi2Se3)=1 QL and
n(Sb2Te3)=1 QL. (b) SGE dependence on short-period SSL layer thicknesses. (c) Bulk gap and
subgap edge-bands of the SSL considered in part (a). (d) Imaginary component of the dielectric
constant 𝜀2 , obtained from ellipsometric measurements at room temperature, and its second
𝑑𝜀
derivative 𝑑𝐸22 , for a SSL with a period of 5QL. A dashed line indicates the optical onset 𝐸𝑜𝑝𝑡 ,
clearly identified by the inflection point of the second derivative curve.

The low energy properties of both Bi2Se3 and Sb2Te3 are well described by the effective
k.p Hamiltonian introduced by Zhang et al. [4.37]. Using the parameters from [4.38] we built a
tight-binding model Hamiltonian. Figure 4.3a shows the resulting highest valence and lowest
conduction bands for a SSL with layer thicknesses n(Bi2Se3)=1 QL and n(Sb2Te3)=2 QL,
compared with those of pure Bi2Se3 and Sb2Te3. The figure highlights an instance of the large
superlattice gap enhancement (SGE) expected from the experiments detailed above. A bulk SSL
bandgap as high as ~160% of the Bi2Se3 bandgap is predicted in figure 4.3b for the thinnest SSL
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periods, supporting the proposal of significantly increased bandgaps with decreasing period
thickness. We would like to stress that the material described by the calculation, consisting of a
few QL of Sb2Te3 and a few QLs of Bi2Se3 can no longer be considered as alternating layers of
the two bulk materials, as our simple diagrams of figure 4.2c suggest (as k.p calculations would
do), but rather a new “designer” 3D material. Figure 4.3c demonstrates the preserved topological
nature of the composite material by displaying the edge bands at a particular termination of the
SSL (Bi2Se3 in our case), within the corresponding bulk band gap. Furthermore, in contrast with
the two constituent materials the Fermi level in the resulting SSL sample lies mid-gap and near
the Dirac point, as desired for achieving truly insulating TIs. Thus, the new designer material
formed by alternating thin layers of two constituent TIs is itself a new 3D TI with preserved
topological surface states at the top and bottom surfaces of the SSL, whose bulk bandgap
increases as the period of the superlattice layers decreases. Details of the tight binding
methodology is in section 4.6.2.
To confirm this gap enhancement, we have performed ellipsometric measurements on
different SSLs and on a reference Sb2Te3 layer, an approach recently used to study Bi2Se3 gap
energy [4.39-4.40] (the experimental procedure is described in section 4.6.3). Figure 4.3d shows
the imaginary component of the dielectric function (related to absorption) versus photon energy,
measured for a 5QL period SSL (2 Sb2Te3 QL- 3 Bi2Se3 QL). This curve is very similar to what
was measured on Bi2Se3-xTex epitaxial layers [4.39]. An onset, well determined by plotting the
second derivative

𝑑 2 𝜀2
𝑑𝐸 2

, is observed at an energy 𝐸𝑜𝑝𝑡 . From this optical transition and the SSL

n-doping, it is possible to estimate the SSL gap in the range 𝐸𝑔𝑎𝑝 = 236 ± 36 𝑚𝑒𝑉. This gap
energy can be compared with that of Sb2Te3, 232 meV, also measured by ellipsometry, leading to
a SGE 102 ± 16 %, very close to the predicted value of 105 % (fig. 3(b)). By contrast, similar
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measurements on a sample with a period of 8QL showed no evidence of a transition within the
explored energy range, consistent with a gap of ~70 meV or less, also predicted by the model.
Additional details can be found in section 4.6.3.
In order to investigate experimentally the presence of the topologically non-trivial surface
states in these new “designer” TI/TI SSLs, as predicted by the tight binding calculations,
magneto-conductance (M-C) measurements were performed at 2K on the sample with period of
5nm. The M-C measurements were performed in a 14 Tesla Quantum Design Physical property
measurement system (PPMS) in 1 mTorr (at low temperature) of He gas. Electrical contacts in
the vdP configuration were made with indium bonded on the edge of the thin film. The M-C
measurements, shown in figure 4.4a, exhibit a weak anti-localization (WAL) cusp, the trademark
of 2D transport channels [4.41-4.42]. The plot of the Hall resistance for the same sample is also
shown displaying a highly linear behavior consistent with single carrier behavior [4.43].
Additional details can be found in section 4.6.4.
Further analysis of the data was carried out by fitting to the Hikami-Larkin-Nagaoka
(HLN) 2D localization theory [4.44]. From this fit, we extracted a value to the fitting parameter α
of 1.0 for the small period (5nm) sample. It has been shown that the parameter α is proportional
to the number of 2D channels in the layer, where α= 0.5 represents one channel. Our results
suggest that the SSL sample behaves like a new 3D TI material with only the top and bottom
surfaces of the structure hosting topological surface states.
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Figure 0.4: (a) Magneto-conductance of the sample with 5nm SSL period thickness showing a
weak anti-localization (WAL) cusp. A fit to the HLN theory, shown in red, gives a value of α =
1. Hall resistance for the sample is also shown as a function of the magnetic field (B). (b) Angle
dependent magnetoresistance of the 5nm period SSL as a function of the transverse component
of magnetic field, B⊥=B*cos(θ). (c) Temperature dependence of dephasing length lφ for the
same sample as in parts a and b.

Angle dependent magneto-resistance for the same sample are presented in figure 4.4b,
where the magneto-resistance, measured with the magnetic field at different angles (θ) normal to
the sample surface, is plotted as a function of the transverse component of the magnetic field. All
the plots collapse to one curve, suggesting that the 2D conductance channels resulted from the
surface electrons. Finally, the M-C as a function of temperature was also measured. The
dephasing length (lφ) plotted as a function of temperature is shown in figure 4.4c. The data fits
well to a temperature dependence of T-0.55, very close to the ideal T-0.5 dependence predicted by
HLN theory for 2D conduction channels [4.45]. This reinforces our conclusion that the SSL
sample behaves as a new “designer” 3D TI phase with a bandgap in the bulk and topological
surface states at the top and bottom surfaces of the sample. Furthermore, the residual bulk
conductivity of the new “designer” TI material can be adjusted by the appropriate choice of SSL
parameters due to a large SGE possible for ultra-thin period SSLs.
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4.5 Conclusions
This work presents a novel approach to band structure engineering and reduced
background doping of topological insulators by the use of ultra-thin period TI/TI SSLs. An
observed reduction of bulk background doping by more than one order of magnitude as the
period of the SSLs decreases from 12 nm to 5 nm can be understood on the basis of a SGE
possible in type-III “broken gap” heterostructures. This interpretation is supported by tight
binding calculations, and experimentally confirmed by optical ellipsometry. We show, from M-C
measurements, that the topological surface states of the grown TI/TI SSL with the 5QL period
are in fact preserved. Thus, a new “designer” 3D topological insulator material with enhanced
bulk bandgap and preserved helical surface states is produced. This approach represents a
promising and yet to be explored novel platform for building truly insulating bulk topological
materials.
4.6 Supporting information
4.6.1 Growth and Structural Characterization
A series of short-period superlattice (SSL) samples consisting of alternating thin layers of
Bi2Se3 and Sb2Te3 were grown by molecular beam epitaxy. The samples were grown with
different SSL period thicknesses, as well as different ratios of individual Bi2Se3 to Sb2Te3 layer
thickness. The SSLs were always grown on a Bi2Se3 buffer layer that was deposited on the
sapphire substrate first, to ensure a smooth surface for the Sb2Te3 material growth. All the
samples consisted of seven periods of the two alternating materials. The initial Bi2Se3 buffer
layer was grown using our previously reported procedure that ensures a very smooth and nearly
twin free single layer crystal [4.28].
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The samples were characterized with high resolution X-ray diffraction (HRXRD) to
establish their crystal quality. Scans of the (006) reflection of the zero-order SSL peak, SSL(0)
allowed us to determine the effective composition of the samples (%Bi2Se3). To obtain the
effective composition of each SSL structure, we interpolated the 2θ value of the (006) SSL(0)
peak between the two end points of pure (006) Bi2Se3 (at 18.62°) and of pure Sb2Te3 (at 17.64°)
according to equations 4.1 and 4.2.
(4.1)
(4.2)

2𝜃𝑆𝐿(0) = 𝑋 × 2𝜃𝐵𝑖2 𝑆𝑒3(006) + (1 − 𝑋) × 2𝜃𝑆𝑏2𝑇𝑒3(006)
%𝐵𝑖2 𝑆𝑒3 = 𝑋 × 100 =

𝑆𝐿(0)−𝑆𝑏2 𝑇𝑒3
𝐵𝑖2 𝑆𝑒3 −𝑆𝑏2 𝑇𝑒3

× 100

The full scan of the (006) SSL(0) peak for each of the samples show multiple satellite
peaks due to their SSL structure, indicating that a layered structure with sharp interfaces and a
well-defined periodicity was grown. The separation between the satellite peaks allowed us to
calculate the thickness of the SL period [4.29]. Combining the value of the period thickness with
the effective composition obtained from the SSL(0) peak position, the individual thicknesses of
the Bi2Se3 and Sb2Te3 layers can be calculated.

4.6.2 Theoretical Modeling
The low energy properties of both Bi2Se3 and Sb2Te3 are well described by the effective
k.p Hamiltonian introduced by Zhang et al. [4.37] In a basis of orbital and spin degrees of
freedom (represented by Pauli matrices 𝜏 𝑖 and 𝜎 𝑖 , respectively), the corresponding bulk tightbinding Hamiltonian can be written, in terms of the wavevector , as:
(4.3)

ℋ𝑡𝑏 (𝑝) = 𝐶0 + ∑𝑖 𝐶𝑖 cos(𝑝𝑖 𝑎𝑖 ) + 𝜏 1 + ∑𝑖 𝑣𝑖 sin(𝑝𝑖 𝑎𝑖 )𝜎 𝑖 + 𝜏 3 (𝑀0 + ∑𝑖 𝑀𝑖 cos(𝑝𝑖 𝑎𝑖 ))
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where 𝑎1 = 𝑎2 is the lattice spacing in the x and y directions within a given layer (4.14 Å for
Bi2Se3, and 4.25 Å for Sb2Te3) and 𝑎3 is the distance between QLs in the direction perpendicular
to the alternating layers (9.55 Å for Bi2Se3, and 10.12 Å for Sb2Te3). The rest of the model fitting
parameters for the two materials considered are shown in Table 4.1 [4.38].

v∥≡v1=v2

v3

C0

C∥≡C1=C2

C3

M0

M∥≡M1=M2

M3

Bi2Se3

0.606

0.481

3.056

-1.623

-0.031

7.026

-3.428

-0.340

Sb2Te3

0.869

0.290

-1.523

0.772

0.278

11.702

-5.683

-0.519

Table 0.1: Parameters (given in eV) for the two materials considered in the model.

Rewriting the Hamiltonian in the form ℋ𝑡𝑏 (𝑝) = 𝐻𝑜𝑠 (𝑝∥ ) + Γ(𝑝∥ )𝑒 −𝑖𝑝3𝑎3 +
Γ † (𝑝∥ )𝑒 −𝑖𝑝3 𝑎3 , the lattice adaptation along the z-direction within a given SL layer, for a given
energy E, is constructed via the recursive relation, Γ𝜓𝑛−1 + 𝐻𝑜𝑠 𝜓𝑛 + Γ † 𝜓𝑛+1 =
𝐸𝜓𝑛 ,connecting the wave function at the nth lattice site, 𝜓𝑛 , to its nearest neighbors. In between
SSL layers, the hopping matrices

are taken to be the average of those within the two layers.

The eigen-energies are then obtained through numerical exact diagonalization of the resulting
4N(n1+n2) by 4N(n1+n2) lattice Hamiltonian (where N is number is the total number of
supercells, and n1 and n2 are the thicknesses of the two layers forming a supercell).

4.6.3 Optical Measurements
The optical properties have been explored by ellipsometric measurements performed at
room temperature, with incident angles 60° and 70°, by using a commercial Woollam IR-VASE
ellipsometer. Such approach has recently been used to study the Bi2Se3 gap energy, in epitaxial
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layers [4.39-4.40]. We have recorded the two ellipsometric angles, 60° and 70°, defined by the
ratio between the reflection coefficients of the p and s-polarized waves (

𝑟𝑝
𝑟𝑠

= 𝑡𝑎𝑛Ψ. 𝑒 𝑖Δ ). The

optical constants have been determined from a layer plus substrate model, using the VASE
software. Measurements and analysis have also been performed on a sapphire substrate for
reference.
At room temperature, the gap energies 𝐸𝑔𝑎𝑝 are estimated at about 210-250 meV [4.464.47] and 115-140 meV [4.39,4.48], for Sb2Te3 and Bi2Se3, respectively. Moreover, the
confinement effect is expected to be mainly observed for SSL period shorter or equal to 5 QL.
We have then focused on short period SL (5 and 8 QL periods) and on Sb2Te3, the bulk
constituent material with the largest gap energy, for comparison.
Figure 4.5a shows the imaginary component 𝜀2 of the dielectric constant (related to
absorption) versus photon energy. Those curves are very similar to what was observed on
Bi2Se3-xTex epitaxial layers [4.39]. For the Sb2Te3 layer and the 5QL period SSL, an onset is
clearly observed at an energy 𝐸𝑜𝑝𝑡 . This onset can be well determined by plotting the second
derivative

𝑑 2 𝜀2
𝑑𝐸 2

, from its inflection point. We have also performed measurements on an 8QL

period SSL and observed a different behavior, with no optical onset in the explored energy range
(see figure 4.5b for comparison with the 5QL period SSL).
For the p-doped Sb2Te3 layer, the optical onset is at 𝐸𝑜𝑝𝑡 = 335 ± 10 meV. The optical
transition is indirect, as already observed by IR absorption [4.46]. The gap energy can then by
estimated from the equation 𝐸𝑔𝑎𝑝 = 𝐸𝑜𝑝𝑡 − 𝐸𝐹 , with 𝐸𝐹 the Fermi energy. From Hall resistivity,
we have measured the hole concentration 𝑝 = 3.0 x 1019 𝑐𝑚−3. The hole density-of-state
effective mass 𝑚ℎ is known as increasing with the doping [4.49]. The doping being low, one can
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choose for 𝑚ℎ the lower observed mass, 𝑚ℎ = 0.34 𝑚0 [4.50]. One then estimates 𝐸𝐹 =
103 𝑚𝑒𝑉 and 𝐸𝑔𝑎𝑝 = 232 ± 10 𝑚𝑒𝑉, close to previous Sb2Te3 gap measurements [4.46].
We have then followed the same procedure for the 5QL period SSL, with a doping 𝑛 =
1.1 x 1019 𝑐𝑚−3 . From the dielectric component 𝜀2 and its second derivative, we can estimate
𝐸𝑜𝑝𝑡 = 403 ± 10 𝑚𝑒𝑉. According to our calculations, one expects an indirect transition and the
relation 𝐸𝑔𝑎𝑝 = 𝐸𝑜𝑝𝑡 − 𝐸𝐹 . Nonetheless, a lower bound of the gap energy can be obtained by
𝑚

assuming a direct transition and the relation 𝐸𝑔𝑎𝑝 = 𝐸𝑜𝑝𝑡 − (1 + 𝑚𝑒 ) 𝐸𝐹 .
ℎ

The SSL gap energy will be minimized by choosing the smallest effective mass values
(higher Fermi energy). Further studies have to be done on the SL band parameters, but one can
assume that the effective carrier masses are in between the Sb2Te3 and Bi2Se3 masses. For Bi2Se3
and Sb2Te3, respectively, the hole effective masses are 𝑚ℎ = 0.24 𝑚0 [4.51] and 0.34 𝑚0 [4.50],
and the electron effective masses are 𝑚𝑒 = 0.14 𝑚0 [4.51] and 0.45 𝑚0 [4.52]. Taking Bi2Se3
masses, one then gets 𝐸𝐹 = 129 𝑚𝑒𝑉, and 𝐸𝑔𝑎𝑝 = 200 ± 10 𝑚𝑒𝑉. An indirect transition would
lead to 𝐸𝑔𝑎𝑝 = 274 ± 10 𝑚𝑒𝑉. By comparing these values with the measured Sb2Te3 gap
(232 ± 10 𝑚𝑒𝑉), one obtains a SGE in the range 102 ± 16 %, very close to the predicted value
of 105 % (figure 4.3b). A similar observation has been done on another 5QL-period SSL. As said
previously, we have observed no optical onset for the 8QL period SSL (figure 4.5b). Since the
doping and the Fermi energy of the 8QL SL are higher than in the 5QL SL, this indicates a low
gap energy, in agreement with a SGE < 30 %, and 𝐸𝑔𝑎𝑝 < 70 meV.
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Figure 0.5: Ellipsometry measurements: (a) Imaginary component of the dielectric constant 𝜀2
𝑑𝜀
(purple trace) and second derivative 𝑑𝐸22 (red trace), at room temperature, for a 60 nm Sb2Te3
layer; a dashed line indicates the optical transition onset 𝐸𝑜𝑝𝑡 . (b) Imaginary component of the
dielectric constant 𝜀2 , also a room temperature, for two SSL samples with a period of 5QL (2
Sb2Te3 QL- 3 Bi2Se3 QL) (blue trace) or 8 QL period (4 Sb2Te3 QL- 4 Bi2Se3 QL) (orange trace).
A dashed line indicates the optical transition onset 𝐸𝑜𝑝𝑡 for the 5QL sample as described in the
main text, Figure 3(d). No evidence of an optical transition is seen in the 8QL sample.

Finally, we have performed transmission measurement at room and liquid nitrogen (LN)
temperature. A 5QL, SSL has been mounted on a cold finger in a cryostat. The transmission (and
the derived absorption) has been measured with a ThermoScientific Nicolet 6700 Fourier
Transform Infrared (FTIR) spectrometer and a LN-cooled MCTA detector. Figure 4.6 shows the
absorption measured at 300 and 77K for the sample (5QL-SL on a sapphire substrate); a clear
peak, barely visible at RT, appears at 77K, at an energy very close to the one measured in
ellipsometry. For comparison, absorption has been measured on a single sapphire substrate at
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RT. These preliminary measurements agree very well with the optical transition seen in
ellipsometry.

0.8
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Figure 0.6: FTIR absorption of the 5QL SSL sample. Both room temperature (300K, in red) and
77K measurements (in purple) were made. A trace of the sapphire substrate at 300K (brown) is
also shown. A clear absorption transition is seen at ~400 meV in the sample when measured at
77K.

4.6.4 Transport Measurements
Transport measurements at 2K were made on several of the samples investigated. The
carrier density of the five n-type samples studied are shown in figure 4.7. A lower carrier density
was obtained for the samples with the thinner SSL periods. A very strong correlation between
carrier concentration and the superlattice period was seen, consistent with the data shown in the
main text. As with the data measured at 10K, shown in the main text, the value for the sample
with the largest period of 14QL does not follow this trend, possibly due to the fact that at such a
large period and the corresponding alternating layer thicknesses, the carriers are confined within
the individual layers, and the material does not behave as a SSL.
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Figure 0.7: Carrier density obtained from Hall Effect measurements performed on several of the
samples studied at 2K. The color of the squares corresponds to the effective composition shown
in figure 4.2c.

In systems such as the ones investigated here, that consist of alternating materials of two
semiconductors, one typically n-type in the bulk, and the other typically p-type, and with type III
or staggered band alignment, the question arises as to whether a two-carrier model would be
needed to analyze the Hall effect data [4.54]. In a two-carrier system, the two types of carriers
coexist in the material and contribute to the Hall effect. In that case, when the transverse Hall
resistance (Rxy) is plotted over a sufficiently large magnetic field (B) range, a nonlinear behavior
is seen as a function of B. Some evidence of two carrier effect in heterojunctions of Bi2Te3 and
Sb2Te3 has been observed and reported by others [4.43]. To address this question, Rxy was
measured for several of our samples at 2K as a function of magnetic field (B), with the magnetic
field varying up to 3-4T, and in one case, for the thinnest period sample grown (period = ~2.5
nm), the value of B was varied up to 10T. The results are shown in figures 4.8 (a and b). A
highly linear behavior was consistently observed in all the samples. Thus, we conclude that in
the short period SL structure, which is described by a new superlattice band structure, the system
is well described by single carrier transport.
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Figure 0.8: (a) Hall resistance of several of the samples grown, measured at 2K up to magnetic
fields (B) of 3 to 4 Tesla. (b) Hall resistance for the thinnest period sample grown, as a function
of B, up to B values of 10T.
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P–N junctions in ultrathin topological insulator Sb2Te3/Bi2Te3 heterostructures grown by
molecular beam epitaxy. Cryst. Growth Des. 2016, 16, 2057−2061.
4.27 Plis, E. InAs/GaSb type-II superlattice detectors. Adv. Electron. 2014, 246769, (2014)
4.28 Levy, I.; Garcia, T. A.; Shafique, S.; Tamargo, M. C. Reduced twinning and surface
roughness of Bi2Se3 and Bi2Te3 layers grown by molecular beam epitaxy on sapphire
substrates. J. Vac. Sci. Technol. B 2018, 36, 02D107.
4.29 Vandenberg, J. M.; Hamm, R. A.; Macrander, A. T.; Panish, M. B.; Temkin, H. Structural
characterization of GaInAs(P)/InP quantum well structures grown by gas source molecular
beam epitaxy. Appl. Phys. Lett. 1986, 48, 1153–1155.
4.30 Richardella, A.; Zhang, D. M.; Lee, J. S.; Koser, A.; Rench, D. W.; Yeats, A. L.; Buckley,
B. B.; Awschalom, D. D.; Samarth, N. Coherent heteroepitaxy of Bi2Se3 on GaAs (111)B.
Appl. Phys. Lett. 2010, 97, 262104.
4.31 Van der Pauw, L. J. A method for measuring the resistivity and hall coefficient on lamellae
of arbitrary shape. Philips Tech. Rev. 1958, 20, 220–224.
4.32 Satake, Y.; Shiogai, J.; Takane, D.; Yamada, K.; Fujiwara, K.; Souma, S.; Sato, T.;
Takahashi, T.; Tsukazaki, A. Fermi-level tuning of the Dirac surface state in (Bi1−xSbx)2Se3
thin films. J. Phys.: Condens. Matter 2018, 30, 085501.

93

4.33 Tabor, P.; Keenan, C.; Urazhdin, S.; Lederman, D. Molecular beam epitaxy and
characterization of thin Bi2Se3 films on Al2O3 (110). Appl. Phys. Lett. 99, 013111 (2011)
4.34 Takane, D.; Souma, S.; Sato, T.; Takahashi, T.; Segawa, K.; Ando Y. Work function of
bulk-insulating topological insulator Bi2-xSbxTe3-ySey. Appl. Phys. Lett. 2016, 109, 091601.
4.35 Menshchikova, T. V.; Ostrokov, M. M.; Tsirkin, S. S.; Samorokov, D. A.; Bebneva, V. V.;
Ernst, A.; Kuznetsov, V. M.; Chulkov, E. V. Band structure engineering in topological
insulator based heterostructures. Nano Lett. 2013, 13, 6064–6069.
4.36 Zakharova, A.; Yen, S. T.; Chao, K. A. Strain-induced semimetal-semiconductor transition
in InAs/GaSb broken-gap quantum wells. Phys. Rev. B 2012, 66, 085312.
4.37 Liu, C. X.; Qi, X. L.; Zhang, H.; Dai, X.; Fang, Z.; Zhang, S. C. Model Hamiltonian for
topological insulators. Phys. Rev. B 2010, 82, 045122.
4.38 Nechaev, I. A.; Krasovskii, E. E. Relativistic k · p Hamiltonians for centrosymmetric
topological insulators from ab initio wave functions. Phys. Rev. B 2016, 94, 201410(R).
4.39 Dubrovka, A.; Caha, O.; Hroncek, M.; Fris, P.; Orlita, M.; Holy, V.; Steiner, H.; Bauer, G.;
Springholz, G. and Humlicek, J. Interband absorption edge in the topological insulators
Bi2(Te1−xSex)3, Phys. Rev. B 2017, 96, 235202,
4.40 Post, K. W.; Chapler, B. C.; He, L.; Kou, X.; Wang, K. L. and Basov, D. N., Thicknessdependent bulk electronic properties in Bi2Se3 thin films revealed by infrared
spectroscopy, Phys. Rev. B 2013, 88, 075121,
4.41 Steinberg, H.; Laloe, J. B.; Fatemi, V.; Moodera, J. S.; Jarillo-Herrero P. Electrically
tunable surface-to-bulk coherent coupling in topological insulator thin films, Phys. Rev. B
2011, 84, 233101.

94

4.42 Chen, J.; He, X. Y.; Wu, K. H.; Ji, Z. Q.; Lu, L.; Shi, J. R.; Smet, J. H.; Li, Y. Q. Tunable
surface conductivity in Bi2Se3 revealed in diffusive electron transport. Phys. Rev. B 2011
83, 241304(R).
4.43 Eschbach, M.; Mlynczak, E.; Kellner, J.; Kampmeier, J.; Lanius, M.; Neumann, E.;
Weyrich, C.; Gehlmann, M.; Gospodaric, P.; Doring, S. et al., Realization of a vertical
topological p-n junction in epitaxial Sb2Te3/Bi2Te3 heterostructure, Nat. Comm. 2015, 6,
8816.
4.44 Hikami, S.; Larkin, A. I.; Nagaoka, Y. Spin-orbit interaction and magnetoresistance in the
two dimensional random system. Prog. Theor. Phys. 1980, 63, 707–710.
4.45 Altshuler, B. L.; Aronov, A. G.; Khmelnitsky, D. E. Effects of electron-electron collisions
with small energy transfers on quantum localisation. J. Phys. C: Solid State Phys. 1982, 15,
7367–7386.
4.46 Sehr, R. and Testardi, L.R. The optical properties of p-type Bi2Te3-Sb2Te3 alloys between
2-15 microns, J. Phys. Chem. Solids 1962, 23, 1219
4.47 Kulbachinski, V.A.; Ozaki, H.; Miyahara, Y. and Funagai, K. A tunneling spectroscopy
study of the temperature dependence of the forbidden band in Bi2Te3 and Sb2Te3, J. Exp.
Theor. Phys. 2003, 97, 1212
4.48 Köhler, H. and Hartmann, J. Burstein shift of the absorption edge in n-Bi2Se3, Phys. Stat.
Sol. (b) 1974, 63, 171
4.49 Stordeur, M.; Stolzer, M.; Sobott, H. and Riede, V. Investigation of the valence band
structure of thermoelectric (Bi1-xSbx)2Te3 single crystals, Phys. Stat. Sol. (b) 1988, 150, 165
4.50 von Middensdorff, A.; Dietrich, K. and Landwehr, G. Shubnikov-de Haas effect in p-type
Sb2Te3, Solid State Commun. 1973, 13, 443

95

4.51 Martinez, G.; Piot, B.A.; Hakl, M.; Potemski, M.; Hor, Y.S.; Materna, A.; Strzelecka, S.G.;
Hruban, A.; Caha,, O.; Novak, J. et al., Determination of the energy band gap of Bi2Se3,
Sci. Rep. 2017, 7, 6891
4.52 Orlita, M.; Piot, B. A.; Martinez, G.; Sampath Kumar, N. K.; Faugeras, C.; Potemski, M.;
Michel, C.; Hankiewicz, E. M.; Brauner, T. et al., Magneto-Optics of massive Dirac

fermions in bulk Bi2Se3, Phys. Rev. Lett. 2015, 114, 186401
4.53 Wang, G. and Cagin, T., Electronic structure of the thermoelectric materials Bi2Te3 and
Sb2Te3 from first-principles calculations, Phys. Rev. B 2007, 76, 075201
4.54 Li, C-Z.; Li, J-G.; Wang, L-X.; Zhang, L.; Zhang J-M.; Yu, D.; Liao, Z-M. Two-carrier
transport induced Hall anomaly and large tunable magnetoresistance in Dirac semimetal
Cd3As2 nanoplates, ACS Nano 2016, 10, 6020

96

Chapter 5: Optimization of Molecular Beam Epitaxial Growth of
(Sb2Te3)x(MnSb2Te4)1-x Magnetic Topological Insulators

Reprinted with permission from [Cryst. Growth Des. 2022, 22, 5, 3007-3015]. Copyright [2022] American
Chemical Society. https://doi.org/10.1021/acs.cgd.1c01453

5.1 Current status of magnetic topological insulators
Incorporation of magnetic elements into 3D topological insulators (TIs) such as Bi2Te3
and Sb2Te3 has garnered a great deal of interest in recent years due to the potential to achieve
quantum anomalous Hall effect (QAHE) [5.1] and other exotic phenomena. QAHE was first
demonstrated by incorporating Cr as a dopant in thin (Bi,Sb)2Te3 films [5.2]. However, defects
caused by the incorporation of the Cr atoms into the TI crystal lattice resulted in the effect being
only evident at sub-Kelvin temperatures [5.3-5.6]. Recently it was discovered that adding Mn to
Bi and Te or Sb and Te during growth leads to a formation of a new crystal phase, MnBi2Te4 or
MnSb2Te4, respectively, having a septuple layer (SL) structure rather than the typical quintuple
layer (QL) structure of the non-magnetic TIs [5.7]. These intrinsically magnetic crystals, rather
than magnetically doped TIs, may contain fewer defects and lead to improved properties. In
these materials, a single SL is ferromagnetic, with the magnetic spins aligned out of plane.
However, when stacked to form a bulk structure, the SLs couple antiferromagnetically and are
not conducive to the observation of QAHE, except in the ultrathin layers of odd number (5-7) of
SLs [5.8]. One approach used to resolve this problem was to separate the magnetic SLs layers
with a few non-magnetic QLs, enabling ferromagnetic coupling between the non-adjacent SLs
[5.9]. Another approach shown to produce ferromagnetic coupling of the SLs in MnSb2Te4 was
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to introduce excess Mn into the pure SL structure. It has been proposed that MnSb antisite defects
induce ferromagnetic coupling between the SLs [5.10-5.12].
The growth of MnSb2Te4, or of mixed SL:QL layered structures, has mostly been
reported by bulk growth techniques, while only a few groups have explored epitaxial growth
techniques for these compounds [5.12-5.14]. In both methods of growth, the formation of SLs
occurs by self-assembly depending on the amount of Mn provided during growth. Typically, to
grow these materials, all the elements are mixed simultaneously in order to form the crystal, and
the resulting mix of SLs and QLs depends on the amount of Mn added. Although self-assembly
is a convenient method to grow these materials due to its simplicity, it has some important
drawbacks, particularly the difficulty to control the formation of a specific structure or
composition reproducibly and consistently throughout the crystal lattice. Molecular beam epitaxy
(MBE) with its layer-by-layer growth mechanism promises to provide certain benefits for control
of the desired structures. Several groups have reported some specifics of the MBE growth for Bibased magnetic TIs [5.15-5.17], while much less work has been reported on MnSb2Te4-based
materials [5.12,5.18]. In general, very little work has yet been done to systematically investigate
and understand the MBE growth process and the parameters that affect and control the structural
properties of the resulting magnetic TIs. Such an understanding is essential for the intentional
growth of precise layered structures with accurate compositional control and the desired
magnetic properties. For example, inserting precise numbers of non-magnetic TI QLs between
magnetic topological insulator SLs, which remains a significant challenge, has the potential to
achieve intrinsic 3D magnetic TIs with a gap opening in the surface state band [5.19], as was
seen in MnBi2Se4/Bi2Se3 [5.18-5.19] or MnBi2Te4/Bi2Te3 [5.18,5.20].
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In this work we perform a detailed investigation of the growth of (Sb2Te3)1-x(MnSb2Te4)x
structures by MBE. Variation of the Mn flux during growth enables control of the SL to QL ratio
in the layer. We find that competing processes, such as Mn dopant incorporation in the QL and
excess Mn in the SLs introduce inaccuracies in the control of the SL to QL layer ratio. Moreover,
the distribution of the SLs throughout the crystal is random so that the local properties of the
material vary. Modified growth techniques, involving the implementation of a pre-anneal step in
the early stages of growth and the increase of the growth temperature are explored. We observe a
preferential incorporation of Mn into SLs and an improved structural quality resulting from these
changes. A mechanism is proposed to explain the observed improvements in the control of the
growth and the materials properties, which also provides insight as to the Mn incorporation
process. We propose that this improved understanding of the MBE growth process will lead to
the ability to perform on-demand growth of specific well-ordered structures with accurate control
of the Mn composition [5.12] or the insertion of precise numbers of non-magnetic TI interlayers
between the magnetic SLs to achieve the desired interlayer coupling [5.9,5.21,5.22]. Such
control of the growth will enable true breakthroughs in the magnetic behavior of the materials.

5.2 Molecular beam epitaxy growth of (Sb2Te3)x(MnSb2Te4)1-x
All samples were grown in a Riber 2300P system with base pressure of 3-5x10-10 Torr,
equipped with reflection high-energy electron diffraction (RHEED) for in-situ growth
monitoring, on epi-ready c-plane (0001) sapphire substrates. The substrates were heated in
vacuum to 600°C for 1 hour prior to growth to remove impurities from the surface. High purity
6N Antimony (Sb), Tellurium (Te) and 5N8 Manganese (Mn) fluxes were achieved by a Riber
double zone cell for Sb and single zone Knudsen cells for Mn and Te. The fluxes were measured
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by the beam equivalent pressure (BEP) read by an ion gauge placed in the position of the
substrate prior to growth. The Mn BEP ratio, BEP(Mn)/[BEP(Mn) + BEP(Sb)], proportional to
the Mn flux fraction, was used to control the Mn content during growth, and was varied between
0.00 and 0.11. Growth was performed under excess Te flux. The samples were grown by MBE
via a 2-step growth method consisting of an initial deposition of a thin (usually 3-5 nm) low
temperature buffer (LTB) Sb2Te3 layer, at 200°C for ~3-5 minutes. The LTB layer growth was
then stopped, while keeping constant Te flux at the sample surface, and the substrate temperature
was raised to the desired growth temperature of 245 - 255°C. A LTB growth has been shown to
improve nucleation in MBE growth of TIs [5.23-5.24]. Next, the Mn containing layer was grown
for 1-2 hours, during which the Mn, Sb and Te sources were simultaneously impingent on the
sample surface. The Te:Sb BEP ratios were kept between 20-30, ensuring excess Te during
growth. All samples used similar Sb flux, and the composition was varied by adjusting the Mn
cell temperature to change the Mn flux. The growth rates for the samples varied between 0.4 and
1.2 nm/min depending on the amount of Mn incorporated.
All samples were characterized by a variety of post growth techniques. High resolution
X-Ray diffraction (HR-XRD) measurements were performed using a Bruker D8 Discover
diffractometer with a da-Vinci configuration and a Cu Kα1(1.5418 Å) source. Atomic force
microscopy (AFM) images were obtained using Bruker Dimension FastScan AFM with a
FastScan-A silicon probe. Scanning transmission electron microscope (STEM) images (figures
5.2a-d) were performed (EAG Laboratories) using a Hitachi HD-2700 Spherical Aberration
Corrected Scanning-TEM system coupled with energy dispersive X-ray spectroscopy (EDX).
Further high-resolution STEM imaging (figure 5.6) was carried out using a probe-corrected
JEOL ARM-200F operated at 200 keV. Hall transport measurements were performed in a 14 T
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Quantum Design physical property measurement system (PPMS) in 1 mTorr (at low
temperature) of He gas. Electrical contacts in the vdP configuration were made with indium
bonded on the edge of the thin film.

5.3 Analysis of the crystal quality
Growth was monitored in-situ by reflection high energy electron diffraction (RHEED).
Typical patterns at the end of the growth, and atomic force microscopy (AFM) surface images
are shown in figure 5.1. The initial RHEED pattern after the LTB and during initiation of growth
often exhibited some polycrystalline rings or spotty features which typically disappeared or
became less prominent as the growth proceeded. Figures 5.1a-c show the RHEED images taken
at the end of the growth for three samples grown with different Mn BEP ratios. Most samples,
regardless of composition, showed a streaky pattern, such as the one shown in Figure 1a;
however, a few samples exhibited additional features suggesting rough surfaces and some
disorder, as illustrated in figures 5.1b and c. A corresponding variation in surface roughness is
also visible in the AFM images presented in figures 5.1d-f.

Figure 0.1: In situ RHEED images (a-c) of three samples and their corresponding 2μm x 2μm
AFM (d-f) images. The Mn BEP ratios for each sample are noted in the RHEED images. All
AFM images are based on the same scale bar, shown between (d) and (e).
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Scanning transmission electron microscopy (STEM) observations were performed on
some of the samples using high-angle annular-dark-field (HAADF) imaging because of its highZ sensitivity. Figure 5.2 compares HAADF STEM cross sections of two samples containing low
and high Mn levels. The relatively low magnification STEM images presented in figures 5.2a
and 5.2b enabled the analysis of large regions of each sample from which estimates for the
relative amount of septuple layers (%SL) could be made. The results illustrate the formation of
SLs and QLs in different proportions, 71% SLs in figure 5.2a and 13% SLs in figure 5.2b. The
STEM images show well-ordered, highly crystalline structures and no obvious defects. The
sample of figure 5.2a, which was grown using a Mn BEP fraction of 0.10, has a crystal structure
that consists of mostly SLs, 71% calculated from the STEM image, and has a 27.4% Mn atomic
percent, as obtained from energy dispersive X-ray (EDX).

Figure 0.2: High-angle HAADF STEM images of two samples grown with different Mn BEP
ratios, 0.10 and 0.02 for (a) and (b), respectively. The van-der-Waals gaps are marked by short
white lines and the difference in thicknesses of septuple layers (SLs) and quintuple layers (QLs)
is easily discernible. (a) Sample containing 27.4% Mn (obtained from EDX measurements) and
71% SLs, (b) a sample containing 8.1% Mn and 13% SLs. (c and d) Cross sectional EDX scan of
Mn (green) overlaid on two different regions of the TEM image from the sample shown in (b).
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Since pure stoichiometric MnSb2Te4 contains 14% Mn, this result implies that the sample
contains a great deal of excess Mn, incorporated in the layer without resulting in SLs. Thus, we
conclude that although some of the Mn incorporated to form the SL structure, a significant
amount of Mn must also be incorporated as an impurity in the SLs and the QLs in that sample.
Figure 5.2b shows the STEM image for a sample that contains only 13% SLs and has a Mn
content of 8.1% (from EDX). As for the previous sample, based on the Mn content obtained
from EDX, a higher amount of SLs (over 50%) would be expected if all the Mn atoms were
incorporated to form stoichiometric SLs, suggesting again the incorporation of Mn as an
impurity in the structure. The presence of excess Mn throughout the sample can be seen in
figures 5.2c and 5.2d, which show the Mn EDX cross sectional scan overlaid on the STEM
image in two different regions of the sample of figure 5.2b. The EDX data shows that, in the
region depicted in figure 5.2c the Mn is largely contained in the SLs, whereas in the region of
figure 5.2d the Mn atoms are more randomly distributed throughout the crystal lattice. This result
suggests that during growth, the Mn initially incorporates as a dopant impurity in Sb2Te3 without
modifying the crystal structure, i.e., not forming SL. We will address this observation again later
in the paper.
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Figure 0.3: (a) HR-XRD measurements of samples grown with increasing Mn BEP Flux ratios.
Peak positions for Sb2Te3 and MnSb2Te4 [5.13] are noted as black lines at the bottom and the top
of the measurements, respectively. Mn BEP ratios for each sample are given in the same color as
the sample scan to the right of the plots. (b) HR-XRD measurements of the region around the
0015 (Sb2Te3) to 0021 (MnSb2Te4) peaks of samples. The peak positions shift away from the
position of Sb2Te3 as the Mn level increases, indicating the change in the crystal structure. (c)
Peak position of the samples plotted as a function of their calculated %SLs from STEM (blue
circles). A linear fit line, forced to go through 0% SLs, is plotted (aqua). Insets are the STEM
images for the corresponding samples shown in figures 5.2a (bottom right) and 5.2b (top left).
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All of the samples were characterized by high resolution X-ray diffraction (HR-XRD). A
selection of the HR-XRD scans for samples ranging in Mn BEP fraction from 0.01 to 0.11 are
shown in figure 5.3a, where a sample containing 90% SLs is the top XRD scan. The expected
position of the peaks for pure Sb2Te3 and pure MnSb2Te4, are also indicated at the bottom and
top of the figure, respectively. The XRD scans are ordered by the Mn flux (BEP ratio) used
during the growth of the samples, from the lowest Mn flux at the bottom to the highest at the top.
The Mn BEP ratio used during growth is given on the right of each scan. It is evident that as the
Mn flux increases, there is a gradual change in the HR-XRD from that of a QL-based Sb2Te3
crystal structure to a MnSb2Te4 (SL-based) structure. At low Mn BEP fraction (0.01-0.02), there
is no change from Sb2Te3 in the peak positions of the XRD scan, meaning that at these low Mn
fractions, the Mn is incorporated as a dopant rather than to form SLs. As the Mn BEP fraction
increases, the peaks corresponding to the Sb2Te3 (003), (006) and (0015) planes show a clear
shift, evolving into the (003), (009) and (0021) peaks of MnSb2Te4, respectively, as can be seen
by the red arrows superimposed on the plots. At intermediate Mn flux fractions (0.03-0.06), two
weak peaks appear at around 2θ-ω ~10 - 15°, as previously reported by others [5.15]. Those
authors proposed that this feature indicates a change of structure from Bi2Te3 to close to
MnBi4Te7. At the high Mn fraction levels (0.09-0.11), new single peaks that corresponds closely
to MnSb2Te4 (006) and (0018) planes appear. To further illustrate the gradual shift in the XRD
peaks, Figure 5.3b shows an expanded view of the region around the (0015) plane of Sb2Te3 for
a few selected samples. A clear trend is visible in the shift of the peak position as the Mn content
increases, ranging from the Sb2Te3 (0015) peak position to the MnSb2Te4 (0021) peak position.
This shift is associated with the change in the crystal structure from pure Sb2Te3 to a superlattice
of (Sb2Te3)1-x(MnSb2Te4)x with varying x value. It is expected, based on Vegard’s law, that in a
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thin-layer superlattice system, the XRD peak position will be given by the average composition
of the structure [5.25]. A similar behavior can also be perceived upon careful observation of
other reported XRD data of a related system, MnBi2Se4, which also shows a gradual peak shift in
XRD with increased Mn content [5.26]. Figure 5.3c shows the relationship between the shift of
the HR XRD (0015) peak and the %SL calculated from the STEM images. The calculated %SLs
in the structure measured from the STEM images plotted as a function of the peak position
shows a very good linear correlation, as expected based on the behavior described above. Thus,
the shift in the XRD peak position is a direct measure of the %SL in the structure, and the linear
fit of experimental data to Vegard’s law, as given by Equation (5.1), can be used to estimate the
%SL in all of our samples based on the HR-XRD (0015) peak position (2θ-ω).

(5.1)

%𝑆𝐿 =

2𝜃−𝜔 (𝑆𝑎𝑚𝑝𝑙𝑒) − 2𝜃−𝜔 (𝑆𝑏2 𝑇𝑒3 )
0.023

=

2𝜃−𝜔 (𝑆𝑎𝑚𝑝𝑙𝑒) − 2𝜃−𝜔 (𝑆𝑏2 𝑇𝑒3 )
𝑥100
2𝜃−𝜔 (𝑀𝑛𝑆𝑏2 𝑇𝑒4 ) − 2𝜃−𝜔 (𝑆𝑏2 𝑇𝑒3 )

⏟

.

..
𝑉𝑒𝑔𝑎𝑟𝑑 ′ 𝑠 𝐿𝑎𝑤

This shift correlates with the increased presence of SLs in the samples; however, it is not
an indication of the total Mn content in the sample, since Mn is also incorporating as a dopant.
We conclude that our samples grown under the conditions described above are Mn-rich and
likely contain a fair amount of disorder in the form of Mn impurity concentration.

5.4 Growth optimization and the effect of adding a pre-anneal step
In an attempt to reduce the amount of disorder in the crystals, and to better understand the
mechanism of Mn incorporation, a modified growth procedure was developed. Two changes
were implemented.
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Figure 0.4: (a-c) In situ RHEED images of a sample surface before (a), and after (b), preannealing and (c) at the completion of the growth. (d) HR-XRD measurements of the 0015
(0021) peak of samples grown with (green, aqua) and without (purple, orange) the pre-anneal
step. The blue and green shading distinguishes between the XRD peak positions for samples with
the pre-anneal step (green) from those without (blue). (e) HR-XRD measurements of the 0015
(0021) peak of two samples grown with standard (Tg= 250°C) and increased (Tg= 265°C) growth
temperatures. The green shading indicates that both samples in (e) were grown using the preanneal step. (f) HR-XRD scans of two thin layers grown for 15 minutes with (red) and without
(black) a pre-anneal step. Peak position attributed to MnSb2Te4 (0021) is marked with dotted
line. (g,h) 2μm x 2μm AFM images of the samples in (f). Both AFM images are based on the
given scale bar.

First, an annealing step was added after an initial thin portion of the layer was grown (from here
on referred to as pre-anneal step). Annealing has been used often in MBE and other growth
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techniques to improve crystalline quality [5.27-5.29]. In our experiments, the sample growth
began the same way as before, with the thin Sb2Te3 LTB followed by an interruption of the
growth and the initiation of growth of the Mn-containing layer at the desired growth temperature
(Tg). After 15 minutes, the growth is again stopped, and the sample temperature is raised to
300°C for 10 minutes under a Te flux (pre-anneal step). The temperature is then lowered back to
Tg and growth of the Mn containing layer is resumed for the desired total growth time.
As a first assessment of the effect of the anneal step, we examined the evolution of the
RHEED pattern. The RHEED image of the sample after 15 minutes of growth, but before the
pre-annealing step (figure 5.4a), often shows noticeable rings, suggesting some polycrystalline
growth. After completing the 10 min. annealing step, the RHEED pattern typically improves
(figure 5.4b), showing less evidence of polycrystalline growth. Finally, at the end of the full
layer growth, the RHEED improves significantly (figure 5.4c). This suggests that the preannealing step is improving the crystalline quality of the initial thin layer. More importantly,
implementation of the pre-anneal step had a significant effect on the portion of the sample that is
grown over the pre-annealed thin layer. Figure 5.4d shows a comparison of the (0015) peak of
the XRD scans of four samples, two grown with the pre-anneal step and two grown without it.
All samples in figure 5.4d were grown using a similar Mn flux fraction, Tg and Te overpressure.
The figure shows a clear shift toward larger angle in the (0015) XRD peaks for the two samples
grown with the pre-anneal step, suggesting that a larger %SLs forms in the samples grown using
the pre-annealed thin layer. The calculated %SLs for each sample of figure 5.4d, summarized in
table 5.1 as samples 1 through 4, increase from 40-50 %SLs without the pre-anneal step to 70-90
%SLs with the pre-annealed layer (samples 3 and 4), indicating that more of the Mn is
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incorporated in the form of SLs when the layer growth occurs over a thin pre-annealed layer,
consequently reducing the incorporation of substitutional Mn impurities in the QLs and SLs.

Sample Pre-annealed
Layer

Mn BEP
ratio

Tg (C)

% SLs

Effect of pre-annealed layer (Figure 4a)
1

No

0.060

260

41

2

No

0.060

255

51

3

Yes

0.060

255

72

4

Yes

0.065

255

92

Effect of increased growth temperature (Figure 4b)
5

Yes

0.090

250

79

6

Yes

0.090

265

100

Table 0.1: Calculated %SLs for samples grown under different growth conditions.

In some samples, in addition to the pre-anneal step, the growth temperature (Tg) was also
increased to 265-270°C. The (0015) peak of the HR-XRD scans of two samples both grown with
a pre-anneal step and the same value of Mn BEP, but with two different Tg values of 250°C and
265°C, are presented in figure 5.4e. A further increase in the %SLs was observed for the sample
grown at the higher growth temperature of 265°C indicated by the shift of the (0015) XRD peak.
The %SLs for these two samples, calculated from the XRD peak position, are given table 5.1 as
samples 5 and 6. Sample 6, grown at 265°C, shows a further increase of the %SLs bringing its
composition up to 100% SLs.
In order to understand the effect of the pre-anneal step, an experiment was performed in
which we compared a thin layer grown for 15 minutes and annealed for 10 minutes at 300°C, and
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another thin layer that was also grown for 15 minutes but not annealed. The HR-XRD of the two
samples is shown in figure 5.4f. The stronger and sharper XRD peaks for the annealed sample
suggest improved crystallinity, consistent with the RHEED observations previously described.
However, the positions of the (0015) peak for the two samples, identified by a dashed line in the
figure, are the same, indicating the same %SL in both samples. The AFM images of the surfaces
of the two samples (figures 5.4g-h) show that the surface of the annealed sample (figure 5.4h) is
somewhat smoother (rms = 3.0nm) than that of the sample (figure 5.4g) that was not annealed
(rms = 4.2nm). The data of figures 5.4f-h suggests that the pre-anneal step improves the
crystalline quality of the annealed thin layer and makes its surface smoother, but it does not
change the %SL of the thin annealed layer. Thus, we conclude that the increased %SLs obtained
in the layer grown over the pre-annealed thin layer must be explained by a different mechanism
not disclosed directly by our experiment.
The relationship between the Mn BEP fraction and the %SL of all the samples grown is
illustrated in figure 5.5a, which shows the samples grown using the original growth conditions as
black open circles, the samples grown using the pre-anneal step as red open circles and those
grown using the pre-anneal step as well as a higher Tg as filled red circles. Within the range of
MBE growth temperatures used here (250-270°C), it can be assumed that all the Mn incorporates
in the layer (i.e., Mn will not re-evaporate from the growth surface at these low growth
temperatures). For the samples grown under the original growth conditions (black circles), there
is a general correlation between the Mn BEP ratio and the XRD peak shift (or %SLs), but a large
amount of scatter is present in the data.
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Figure 0.5: (a) Peak position (and %SLs) of all samples, as a function of the Mn BEP ratio.
Samples grown under the original growth conditions are shown in black, while samples grown
with the modified conditions are given in red: samples with the pre-anneal step only (red open
circles) and those with pre-anneal step and increased growth temperatures (red filled circles).
Black and red dashed lines represent the high and low boundaries of that data, highlighting the
generally higher %SL obtained with the modified conditions. (b) Illustration of the proposed
stepwise growth process for the material formed as a function of increasing Mn flux ratios (FMn,
green cone), and the changes that the two modification steps used: pre-anneal step and increased
growth temperatures, produce on the growth. The grey arrows indicate the lower Mn flux needed
to achieve stoichiometric MnSb2Te4 when the growth modifications steps are introduced. (c)
Schematic of the sample structure as it undergoes the changes introduced by the pre-anneal step
in the proposed mechanism.
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The scatter is consistent with our assertion that Mn is incorporated into the crystal in different
ways, and that a significant fraction of Mn is being incorporated as substitutional dopants
without modifying the crystal structure (i.e., without forming SLs).
We also observe that the samples grown with the modified growth conditions, shown by
the points in red, all have higher %SLs for the same Mn BEP ratio. This is consistent with our
conclusion that the pre-anneal step promotes the formation of SLs in the subsequent layer, rather
than its incorporation in the lattice as a dopant. Within the red data points, the samples grown at
a higher Tg, illustrated by the filled red circles, typically result in even higher %SLs for the same
Mn BEP during growth.
Our observations are summarized schematically in figure 5.5b. The Mn BEP ratio
(proportional to the Mn flux ratio FMn) used during growth is illustrated by the green cone on the
right, increasing from values of 0.00 to 0.11 in our growths. At very low Mn BEP ratios, only
Sb2Te3 QLs doped with Mn (Sb2Te3:Mn) can form. As more Mn is added during growth, (as the
Mn BEP ratio increases), SLs can be formed resulting in mixed QL and SL structures, with a
higher %SLs as the Mn BEP ratio increases. The implementation of a pre-anneal step results in
SLs formed at lower Mn BEP ratio. This is illustrated by the dashed gray arrows, which indicates
the relative Mn flux fraction at which stoichiometric MnSb2Te4 will form. Based on these
observations we propose the following tentative mechanism, depicted in figure 5.5c. We assume
that, in MBE growth, a critical quantity of excess Mn atoms must be present at the surface of the
sample in order for Mn to form a SL rather than incorporate as impurities in the QLs. With very
low Mn BEP ratio, Mn incorporates only as a substitutional impurity (figure 5.5c left frame). As
the Mn BEP ratio increases, the Mn incorporates into the QL as impurity atoms and some excess
Mn accumulates on the growing surface until there is a sufficient excess Mn on the surface to
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form SLs. We propose that the pre-anneal step facilitates the accumulation of Mn on the surface
instead of incorporating as an impurity in the Sb2Te3 layer (figure 5.5c middle frame), thus
favoring the formation of SLs at lower Mn BEP ratios as compared to when no pre-anneal step
is performed. Once this excess Mn is produced, it is more likely for an excess of Mn to remain
on the surface as the layers grow, promoting the formation of SLs throughout the growth (figure
5.5c right frame).
The effect of increasing the growth temperature is also illustrated in figure 5.5b. An increase in
the %SL formation for the same Mn BEP fraction is also observed by the use of a higher Tg. The
reason for this enhancement might also be related to the ease of Mn accumulation on the surface
at a higher temperature, since at a higher temperature Sb may desorb from the surface leading to
a higher Mn concentration. However, the growth temperature effect may also be due to the
higher formation energy of MnSb2Te4 [5.30], which may be favored at higher Tg.
The presence and the location of the excess Mn in our samples can be further ascertained
from detailed STEM analysis. The HAADF STEM image for a sample with 72% SLs is shown
in in figure 5.6a. The Mn content in this sample of ~21%, measured by EDX, suggests that there
is significant excess Mn in the lattice, as seen in the previous samples. To determine the location
of the excess Mn in the crystal, intensity profile measurements of the HAADF TEM images were
performed. Due to its smaller atomic mass, Mn atoms are darker in these images compared to the
Sb and Te atoms, which are both of similar higher brightness. Figure 5.6b, an intensity line scan
along the growth direction, shows a combination of SLs evident by a sequence of seven intensity
peaks, one for each atomic plane, and QLs, evident by the presence of five peaks corresponding
to the five atomic planes. The peak corresponding to the middle layer in the SLs has a lower
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intensity due to the small mass of the Mn atoms, suggesting predominantly Mn in that layer, as
expected, whereas other peaks, corresponding to Sb and Te, are higher in intensity.

Figure 5.6: STEM analysis of a sample with 72% SLs; (a) HAADF STEM image of the sample.
Inset circles 1 and 2; High resolution STEM image showing antisites seen as brighter dots (Sb) in
the Mn atomic layers (center of circle 1) and dark dots (Mn) in the Sb atomic layers (center of
circle 2). (b) Image intensity profile along the growth direction showing SLs and QLs. The
yellow line indicates the location of the scan. (c) Intensity profiles along the atomic planes of Te
(black line), Sb (magenta line) and Mn (green line) showing large variations in the Sb and Mn
lines suggesting the presence of Mn-Sb atom exchange or antisites. (d) Illustration of the
ferromagnetic alignment of MnSb2Te4 SL produced by the presence of MnSb antisites. (e)
Hysteresis loop of the Hall resistance Rxy as a function of the magnetic field, B, measured at 10K
showing ferromagnetic behavior for this sample.

The QLs show similarly high intensity for all the peaks, as expected from the closely similar
atomic mass of Te and Sb. However, careful attention to the Te and Sb peaks in these layers
suggests some intensity variations within each atomic plane. To further quantify this, figure 5.6c
shows three intensity line scans along the Te, Sb and Mn planes, respectively. All intensity scans
were taken from figure 5.6a and are color coded in the location where they were taken. While the
peaks along the Te plane have relatively uniform intensities, significant variations in peak
intensity are present along the Sb and Mn line scans. These variations can be understood by the
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presence of Mn atoms in Sb sites, leading to reduced intensities of the Sb planes, and Sb atoms in
the Mn sites leading to higher intensities of the Mn planes. Further evidence of these atomic
exchanges are seen in the zoomed-in circles in figure 5.6a, which show the presence of “bright”
atoms in the Mn sites (circle 1) as well as “dark” atoms in the Sb sites (circle 2).
Ferromagnetism in Mn-rich MnSb2Te4 has been recently reported and has been attributed
to Mn-Sb site exchange inducing ferromagnetic coupling between stacked SLs (see figure 5.6d)
[5.10]. Hall resistance (Rxy) plots as a function of magnetic field of our samples reveal that all
our samples having at least a few %SLs exhibit ferromagnetic behavior, as demonstrated by the
presence of a hysteresis loop near ~0T magnetic field (B). Specifically, the Rxy vs B hysteresis
plot for the sample in figure 5.6a, demonstrating its ferromagnetic behavior, is shown in figure
5.6e. We suggest that the ferromagnetic behavior of our MnSb2Te4 may also be due to Mn-Sb
site exchange. A detailed investigation of the magnetic properties of our samples is currently
underway and is beyond the scope of this paper.

5.5 Conclusions
In this work, we have investigated the growth by MBE of (Sb2Te3)1-x(MnSb2Te4)x
structures on sapphire substrates. Increasing the flux fraction of Mn (or Mn BEP ratio) during
growth results in a gradual change of the composition of the structure from all Sb2Te3 QLs (x =
0) to all MnSb2Te4 SLs (x = 1). The Mn content in excess of that indicated by the percent (%) of
SLs, suggests that Mn also incorporates as a dopant forming Sb2Te3:Mn and MnSb2Te4:Mn. We
conclude that under our initial growth conditions, adjusting the Mn BEP ratio during growth is
not sufficient to accurately determine the resulting (Sb2Te3)1-x(MnSb2Te4)x structure, and the
large degree of excess Mn incorporated in the layers.
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We also analyzed the evolution of the XRD scans of the layers as the Mn content is
increased. The results show a gradual shift of several peaks from the Sb2Te3 position to the
corresponding MnSb2Te4 position. We show that this peak shift can be used to accurately
calculate the %SLs in the resulting crystal.
By modifying the growth conditions by the incorporation of a pre-anneal step at the
beginning of growth, a significant increase in the %SLs formed for the same Mn BEP ratio used
during growth was observed. This showed that with the pre-annealed layer, the incorporation of
Mn as a structural element to form SLs is favored rather than its incorporation as an impurity.
We propose a mechanism consistent with our observations based on the assumption that a local
excess of Mn is needed at the growth surface for the formation of SLs during growth. We
suggest that the formation of a Mn-rich growth surface is facilitated by the pre-anneal step. A
further increase in the %SLs for the same Mn BEP fraction was observed by also increasing the
growth temperature, possibly due to a similar effect. The insights obtained through our
experiments into the MBE growth process of these magnetic TIs are essential for the eventual
development of precisely controlled on-demand layered structures of these materials.
Measurements of the Hall resistance as a function of magnetic field of our samples show
that the samples are ferromagnetic, which may be in part due to the excess Mn incorporation in
our layers. We present a HAADF TEM image intensity profile measurement that give evidence
of substitution of Mn in Sb sites, as well as Sb in Mn sites. Mn/Sb antisites in MnSb2Te4 have
been reported to lead to ferromagnetic behavior. The demonstrated control of the QLs to SLs
ratios and of the excess Mn incorporation in our samples, achieved by modifying the growth
conditions should enable the fabrication of these highly promising and technologically relevant
materials with precisely tailored magnetic properties.
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Chapter 6: Structure-property relationship of the magnetic behavior of molecular
beam epitaxy grown (Sb2Te3)1-x(MnSb2Te4)x

6.1 Magnetic topological insulators and the quantum anomalous Hall effect
Magnetic topological insulators (TIs) are being intensively investigated due to the
prediction and recent observation of the quantum anomalous Hall Effect (QAHE) [6.1] and other
exotic physical phenomena, as well as ensuing potential applications in spintronics [6.2] and
quantum computing [6.3]. The first observation of QAHE in TI systems was reported in a Cr
doped (Bi,Sb)2Te3, however due to a high defect density produced by the Cr impurity atoms
QAHE was only observed at sub-Kelvin temperatures [6.4-6.8]. A class of intrinsic magnetic TIs
(MTIs) were discovered when Mn was added to Bi and Te (or Se) during crystal growth. The
addition of Mn results in the formation of MnBi2Te4 [6.9] (or MnBi2Se4 [6.10]) septuple layers
(SLs), instead of the well-known quintuple layer (QL) structure of the non-magnetic TIs (e.g.,
Bi2Se3 and others). The formation of SLs is observed in bulk and epitaxial growth conditions,
where depending on the amount of Mn incorporated, the crystals self-assemble into mixtures of
SLs and QLs. This discovery suggested the likelihood of fewer structural defects in these
materials compared to Cr doped TIs, and the possibility to observe QAHE at higher
temperatures.
While a single SL of MnBi2Te4 is ferromagnetic (FM), it has been found that stacked SLs
couple antiferromagnetically to each other [6.11], which prevents the achievement of the QAHE.
It has been shown that one way to stabilize a FM phase in such a system is to separate the
magnetic SLs with non-magnetic QLs. This separation reduces the magnetic coupling between
SLs, which allow FM alignment [6.12]. Further, in the MnSb2Te4 system, this separation of the
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SLs with non-magnetic layers is not needed to achieve FM material [6.13-6.14]. Instead, it has
been suggested that the presence of MnSb antisites can also induce the FM phase. Early works of
growth of Sb and Te with a small amount of Mn (1.7%), report FM materials with a Curie
temperature (TC) 17K [6.15]. Recently, the bulk MnSb2Te4 system showed further increase of the
TC up to 33K [6.16]. The highest reported TC value to date for these materials was reported in
Mn-rich MnSb2Te4 system with TC of 45-50K [6.17]. To date, the MnBi2Te4 system is the most
investigated system while MnSb2Te4 is still at the early stages of analysis. This gives an
opportunity to investigate a new system that can present different physical properties than
MnBi2Te4 and maybe surpass the current achievements accomplished with MnBi2Te4.
We recently performed a detailed study of the growth of (Sb2Te3)1-x(MnSb2Te4)x
structures by molecular beam epitaxy (MBE) [6.18]. We showed that the composition (x) could
be varied by controlling the relative Mn flux, and crystal structures spanning the full range
between Sb2Te3 (x=0) to MnSb2Te4 (x=1) could be grown. We also saw that our samples with
only a few SLs were all FM. Detailed analysis of the high-resolution TEM images showed that
MnSb and SbMn antisite defects were present in our samples.
In this work, we report our investigations of the magnetic properties of those samples
with emphasis on their observed TC values and the relationship of these values to the structural
details. We use temperature dependent Hall resistance (Rxy) plots at near-zero external magnetic
fields to extract the TC of the samples. The results show that the samples can be separated into
three groups according to the behavior of their TC values, which depend on the %SL in the
structure. Group 1 contains the samples with less than 70% SLs, group 2 the samples with 7080% SLs and group 3 the samples with more than 90% SLs. The Rxy plots for the samples from
groups 1 and 3 can be described by a single TC value, with TC values of 15-20K for samples in
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group 1 and 30-40K for samples in group 3. By contrast, the Rxy plots of the samples in group 2
exhibit two slopes, suggesting possibly two TC components within each sample, with the higher
TC value as high as 80K, significantly higher than the highest reported value for this type of
materials. To confirm the presence of a high TC component in the materials, field dependent Rxy
measurements at high temperatures show a hysteresis loop around zero field at temperatures as
high as 80K in those samples. Further validation was obtained from temperature dependent
magnetization using PPMS and SQUID measurements, which show similar results, confirming
the observed high TC values. Finally, we investigate the carrier density dependence on the %SLs
of the samples. We show that when Mn is added during growth at low Mn fluxes, while no SLs
are formed (i.e., for Mn doped QLs), there is an increase in the carrier density of Sb2Te3 as the
Mn flux is increased. Once the Mn-flux used during growth is sufficient for SLs to form, the
carrier density of the samples decreases as the %SLs in the structures increases. This suggests
that under our MBE growth conditions, the QLs of our SL/QL structures are very highly p-type
doped electrically, while the SLs have a lower carrier density than the QLs. We propose a
structural model, consistent with the observed behavior, that can help to explain the presence of
two TC components in samples containing 70-80% SLs.

6.2 Experimental details:
All samples were grown in a Riber 2300P system with base pressure of 3-5x10-10 Torr.
The chamber is equipped with reflection high-energy electron diffraction (RHEED) for in-situ
growth monitoring, and the samples were deposited on epi-ready c-plane (0001) sapphire
substrates. The details of the MBE growth conditions have been previously reported [6.18].
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The samples were characterized by a variety of post growth techniques. Atomic force
microscopy (AFM) images were obtained using Bruker Dimension FastScan AFM with a
FastScan-A silicon probe. Scanning transmission electron microscope (STEM) images were
performed (EAG Laboratories) using a Hitachi HD-2700 Spherical Aberration Corrected
Scanning-TEM system. Hall transport measurements were performed in a 14 T Quantum Design
physical property measurement system (PPMS) in 1 mTorr (at low temperature) of He gas.
Electrical contacts in the vdP configuration were made with indium bonded on the edge of the
thin film.
Magnetic measurements were performed with (i) a vibrating sample magnetometer
(VSM) option in a physical properties measurement system (Quantum Design PPMS 9T) and (ii)
a superconducting quantum device (SQUID) magnetometer (Quantum Design MPMS - XL). For
the VSM measurements, the samples were mounted on a Quantum Design support made of
quartz. For small signals, SQUID was used. The rapid scan option (rso) of the MPMS-XL was
used, giving the opportunity to acquire data at a high speed (0.5 Hz) and average on 5
measurements. For the magnetization cycle measurements, the explored magnetic range was ±
10 kOe (or ± 5 kOe) going from + 10 kOe to – 10 kOe then back. The magnetic field sweeping
rate was 10 Oe/s.

6.3 Classification of the samples according to their Curie temperatures:
A large set of samples of (Sb2Te3)1-x(MnSb2Te4)x were grown using MBE, with different
QL-to-SL ratios (i.e., with x values between x=0 to x=1) obtained by varying the ratio of the Mn
flux relative to the Sb flux used during growth. The fluxes were measured by monitoring the
beam equivalent pressure (BEP) measured by an ion gauge at the position of the substrate prior
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to each growth. Thus, the Mn flux ratio used is defined as the Mn BEP ratio =
BEP(Mn)/[BEP(Mn)+BEP(Sb)].

Figure 0.1: (a) Distribution of the %SLs of all samples, as a function of the Mn BEP ratio.
Samples grown under the original growth conditions, modified using pre-anneal and using preanneal as well as high Tg are shown in black circles, red open circles and red filled circles,
respectively with the red arrow indicating the effect of the growth modification on the %SLs.
The three groups of samples with different Curie temperature behavior are indicated by shading
of their areas, blue, white and red for samples containing <70%, 70-80% and >90% SLs,
respectively. (b) Hysteresis loop of the Hall resistance (Rxy) as a function of the magnetic field,
B, of a selection of samples between 10-90% SLs at T = 10K. (c) Hall resistance (Rxy)
measurements of a sample containing 10% SLs as well as a Mn doped sample (less than 1%
SLs). (d-f) Temperature dependent Rxy plots for samples from the three groups identified in (a):
(d) group (1), (e) group (2), and (f) group (3).

Figure 6.1a (See Ref. [6.18]) shows a plot of the %SLs obtained in the samples as a function of
the Mn BEP ratio used during growth. The %SLs values of the samples were calculated from a
previously determined calibration of the relationship of the HR-XRD peak position of the (0015)
peak of Sb2Te3 as it shifts to the (0021) peak of MnSb2Te4, compared to the %SLs extracted
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from TEM images measured for several samples. This calculation is presented in reference
[6.18]. The data points in the figure are distinguished based on the growth conditions used.
Samples grown using the original growth conditions are marked by black circles. Samples grown
using a pre-anneal step are marked by red open circles. Samples grown using the pre-anneal step
and with a raised growth temperature (Tg) are marked by red full circles. Figure 6.1a shows that
the use of a pre-anneal step and the increased Tg both yield higher %SLs for the same Mn BEP
ratio as highlighted by the red arrow. The scatter in the data points as well as the noted shift by
the modified growth conditions led us to the conclusion that the Mn incorporates in two ways
into the grown samples: as a structural element in the crystal to form SL and as a dopant impurity
in the QLs and/or the SLs. The %Mn in the crystal was calculated from EDX measurements
performed on several samples. Higher levels of Mn than the levels expected based on
stoichiometric SLs were observed in all the samples. For example, the sample with 90% SLs,
(Sb2Te3)0.1(MnSb2Te4)0.9, grown at 250°C without a pre-anneal step (black circle) had 27.6% Mn
which is almost two times the expected level for pure, stoichiometric MnSb2Te4 (14% Mn), with
100% SLs (x=1). TEM analysis also revealed that the excess Mn impurity atoms incorporate
mostly in Sb sites, while some Sb atoms were also incorporated at Mn sites (antisite defects)
[6.18].
As previously stated, it has been shown that a stoichiometric single layer of MnSb2Te4
MTIs is FM, however when stacking multiple layers to form a bulk crystal the layers are
expected to couple antiferromagnetically [6.11]. This alignment hinders the achievement of
QAHE, which requires a FM phase. It has also been recently reported that the separation of the
magnetic SLs by non-magnetic QLs in MnBi2Te4:Bi2Te3 system [6.12], or the presence of excess
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Mn in the form of MnSb antisites in bulk MnSb2Te4 [6.13-6.14] can both induce a FM phase in
the materials.
We investigated the magnetic properties of our samples and found that all the grown
(Sb2Te3)1-x(MnSb2Te4)x samples with at least a few SLs are ferromagnetic. Figure 6.1b shows
field (B) dependent Hall resistance (Rxy) measurements at T = 10K of a selection of the grown
samples. The data show a hysteresis loop around zero-field for all the samples, a sign of
ferromagnetism. An expanded plot of a sample with 10% SLs, shown in figure 6.1c, clearly
shows the hysteresis even in that sample. Figure 6.1c also shows, for comparison, a Mn
containing Sb2Te3 sample which does not contain any SLs, i.e., a Mn doped Sb2Te3 sample
(Sb2Te3:Mn). This sample shows a linear plot with no hysteresis, suggesting the absence of
magnetism in the Mn containing samples when there are no SLs formed.
In order to find the Curie temperature (TC) of the samples, i.e., the temperature at which
the FM phase of the samples is lost, temperature dependent Rxy measurements were performed
on all the samples. The measurements were made at a small applied magnetic field of 0.02T, and
are shown in figures 6.1d-f. Three different behaviors of the TC were observed, which depended
on the %SLs. Based on these behaviors, the samples were separated into three groups: group (1)
for samples with less than 70% SLs, group (2) for samples with 70-80% SLs and group (3) for
samples with more than 88% SLs. A selection of plots from each group is shown in figures 6.1df. As visible from the behavior of the plots in group (1) shown in figure 6.1d, a single TC is
observed for these samples with values between 15K and 20K as indicated by the blue shaded
region. In figure 6.1f, which presents the data of samples in group (3), a single TC value is also
seen, but with higher values, ranging between 30K and 40K as indicated by the blue shaded
region in that plot. By contrast, the TC plots in group (2), shown in Figure 1e, show a different
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behavior. Instead of a drop in resistance as the temperature increased with a single slope, the TC
plots in this region show two clear slopes, an initial strong downward slope pointing to 30-40K,
and a second shallower slope that persists to much higher temperature, as high as 80-90K for
some of the samples. We interpret this dual slope to be indicative of the material having two
regions or components with two different TC values, shown by the blue shaded region in the plot
labeled TC1 and the red shaded region, labeled TC2.

Figure 0.2: Measurements of a sample containing 75% SLs. (a) Temperature dependent Hall
resistance (Rxy) plots taken at 0.02T and 0T as well as the remanent magnetization (Mrem) taken
at 0T using SQUID. (b) Hysteresis loop of the Hall resistance (Rxy) as a function of the magnetic
field, B, measured at temperatures between 10-80K. (c) Magnification of the plots at 75K and
80K from (b) to better see their hysteresis loops.

To better understand and ascertain the significance of the two TC components in the plots, we
compared the temperature dependent Hall resistance at a field of 0.02T to remanent
magnetization (Mrem) measurements (made at zero field using a SQUID magnetometer), as well
as zero-field Hall resistance, for a sample consisting of 75% SLs. The measurements were
performed as follows: for the TC plot under 0.02T, the sample was cooled down and the field was
turned on and the resistance was measured at the set temperatures; for the zero-field Hall
resistance and the remanent measurements, the samples were cooled down under a field of 0.02T
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then heated up and measured under zero-field. Figure 6.2a shows the three temperature
dependent plots, Rxy (0.02T and zero field) and Mrem. Two different slopes are visible in all the
measurements. However, while the Rxy at zero field and the Mrem plots are very similar in shape,
the Rxy at 0.02T has a stronger signal of the high Tc component. The Rxy (0.02T) plots present a
slightly higher TC2 value of almost 90K, while the Rxy(0T) and Mrem give a TC2 value of about
75K. This difference is probably due to an enhanced alignment of the magnetic spins under the
small (0.02T) field. To further verify that the presence of the FM phase in the sample persists at
the higher temperatures, field dependent Rxy measurements were performed at different
temperatures (figure 6.2b). These measurements show a clear hysteresis up to 80K (figure 6.2c)
for the Rxy supporting the high TC value extracted from the temperature dependent Rxy.
The plot of figure 6.1a shows that samples with 70-80% SLs (group 2) are formed under
a large range of Mn BEP ratios, from 0.10 to 0.04, suggesting that there is a different Mn content
in that set of samples even though the %SL numbers are very similar. We measured the
temperature dependent Rxy scans of a set of samples that all have 70-80%SLs, but that were
grown with varying Mn BEP ratios. Lower Mn BEP during growth is expected to result in less
excess Mn in the sample. Five samples grown with a Mn BEP ratio varying between 0.10 and
0.04 were investigated. Figure 6.3 shows the field dependent hysteresis plots (Fig 3a) and the
temperature dependence (TC plot) of the Rxy at 0.02T (Fig 3b) for the five samples. As can be
seen, the field dependent Rxy curves (Figure 3a) show a hysteresis around the zero-field for all
the samples, confirming they are all FM. However, the hysteresis loops become smaller as the
Mn BEP decreases.
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Figure 0.3: Measurements of a selection of samples from group 2. (a) Hall resistance (Rxy) as a
function of the magnetic field, B, measured at 10K. (b) Temperature dependent Rxy plots taken at
0.02T differentiated to better show their trends. The black line is the 0Ω line for each plot. (c)
SQUID measurement of temperature dependent magnetic moment of the sample with 75% SLs
plotted in (b, black trace). Inset: enlarged segment marked by the red square.

Similarly, in the temperature dependent measurements (figure 6.3b), the TC2 component in the
samples becomes stronger, and the TC2 value of the sample increases as the Mn BEP increases.
Thus, we conclude that besides having the appropriate 70-80% SLs, it is important that high Mn
BEP ratios are used during growth, suggesting that excess Mn is needed in the sample in order to
obtain a strong and high temperature TC2 component. Figure 6.3c shows the temperature
dependent remanent magnetization SQUID measurement of the sample with 75% SLs. The plot
of figure 6.3c shows a similar plot as the one presented in figure 6.2a for that sample, i.e., the
magnetism measurement has the same trend. The TC1 value extracted from the figure is 27K. The
inset of the figure is an expanded view of the higher temperatures that show a TC2 value of 80K,
the same value extracted from the temperature dependent Rxy measurement.
6.4 Composition dependence of the carrier density of the samples:
To achieve QAHE at high temperatures a low carrier density is required to align the
Fermi level within the Dirac gap. We have investigated the bulk background doping in our
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samples as a function of the %SL. Due to the internal magnetic moments of our samples, a high
magnetic field was needed for the Hall Effect measurements in order to calculate accurately the
carrier concentration. At high enough field, the field dependent Hall resistance plot returns to
linearity, from which the carrier density is obtained.

Figure 0.4: (a) Measured carrier density for a selection of samples including pure Sb2Te3 (green
circle), Mn doped Sb2Te3 (orange shaded area) and (Sb2Te3)1-x(MnSb2Te4)x samples (purple
shaded area) with dashed line drawn to indicate the trend of the change in carrier density of the
samples. The black and red open circles and the solid red circle indicate the growth conditions
used as described for figure 6.1a. Carrier density for all the samples was measured at 2K except
for Sb2Te3 (green circle), which was measured at 10K (b) Field dependent Hall resistance (Rxy)
measurement of a sample taken at 2K up to 9T. Dashed red line drawn to show the linear part of
the plot. (c) High-angle HAADF STEM images of a Mn doped Sb2Te3 sample and a
representative sample containing QL and SLs. The QLs and SLs are marked by white and purple
labels, respectively.

Figure 6.4a shows the carrier concentration of a selection of samples with %SLs varying
between 0-100%. Hall effect was measured with an applied magnetic field of 5-9T as needed to
ensure linearity of the Rxy as illustrated in figure 6.4b. Figure 6.4c shows representative TEM
images of samples in the orange (Mn doped Sb2Te3) and purple regions ((Sb2Te3)1-x(MnSb2Te4)x)
of figure 6.4a. All the samples have higher carrier concentration than pure Sb2Te3 (green circle)
of 2.4x1019 cm-3. As Mn is added at low enough levels so that no SLs can form, the Mn doped
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Sb2Te3:Mn samples show higher carrier concentration, rapidly increasing with the Mn BEP used
during growth by more than one order of magnitude, reaching a maximum doping level of ~2 x
1021 cm-3. This confirms that the Mn is a p-type electrical dopant for Sb2Te3. However, as seen in
figure 6.1c, the Mn:Sb2Te3 does not show AHE until the samples have at least a few SLs. As
soon as the Mn BEP ratio is high enough so that SLs can form, the carrier concentration level of
the structure starts to drop and decreases as a function of the proportion of QLs in the structure,
reaching a value of ~1 x 1020 cm-3 for the samples with close to 100% SLs (0% QLs). The
samples measured were grown using a range of Mn BEP ratios. For example, in the group of
samples around the 70% SLs the Mn BEP ratios were between 0.06 and 0.1, and their carrier
density values are similar. Thus, we conclude that the bulk doping of the samples is not affected
significantly by the Mn BEP that was used to grow the samples. This behavior suggests that
during MBE growth of (Sb2Te3)1-x(MnSb2Te4)x structures by self-assembly, the Sb2Te3 QLs are
very highly doped with Mn, much more so than the MnSb2Te4 SLs, and the resulting carrier
density of the mixed QL:SL structure is dominated by the proportion of QLs in the structure.

6.5 Proposed model for the high Curie temperature behavior at 75-80% SLs:
A possible explanation for the presence of the high TC2 component in the samples of this
composition is suggested if we consider the structural details of the samples. Figure 6.5a shows
schematics of samples representing two of the 2 groups described above, with %SLs of 75% and
94%. The sample with 94% SLs, shown in the right structure of Fig. 6.5a, is almost entirely
composed of SLs, and would be expected to have a TC value of 30-40K as seen in figure 6.1f.
This TC value is similar to the reported values for Mn-rich MnSb2Te4 samples containing MnSb
antisites [6.17].
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Figure 0.5: (a) Illustration of the structures of representative samples from groups 2 and 3. QLs
and SLs are marked in blue and green respectively. Red and blue dashed rectangles indicate the
two types of regions in the sample of 75% SLs proposed to lead to two different TC values. (b)
Temperature dependent Hall resistance (Rxy) plot of a sample containing 75% SLs taken at
0.02T. Shaded red and blue areas under the plot signify the proposed contribution for the TC1 and
TC2 components. Inset: Rxy as a function of the magnetic field, B, measured at 10K and 75K. (c)
High resolution TEM image of the sample measured in (b) with markings of SLs and QLs
showing the two proposed regions TC1 and TC2 in red and blue dashed rectangles, respectively.

The sample with 75% SLs is likely to have several highly p-type doped QLs randomly
distributed through the mostly SL containing structure, as illustrated, based on their composition,
in the left panel in figure 6.5a. We propose that this structural distribution of a few single QLs
distributed among SLs results in two distinct types of regions within the structure as marked with
the red and blue dashed square on the illustration. The regions with only SLs (red dashed square)
are similar to the nearly all-SL structure of the right panel of fig. 6.5a and would exhibit TC
values of ~30-40K, as samples in figure 6.1f. Other regions are composed of SLs in close
proximity to isolated QLs. We suggest that the regions with SLs neighboring the isolated QLs
(blue dashed square) may be subject to enhanced magnetic coupling in the SLs, resulting in the
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higher TC2 values observed. The specific mechanism for this enhanced coupling is not known at
present. This idea of the two regions in the sample resulting in different TC values is further
described in figure 6.5b, which shows the TC plot for the sample with 75% SLs, grown with 0.10
Mn BEP ratio. This plot can be viewed as the sum of two TC components: the TC1 component
marked by the red shaded area and the TC2 plot marked by the blue shaded area. At low
temperatures the TC1 dominates, but as the temperatures get higher, the TC1 component
disappears, and the TC2 component dominates appearing as a weaker tail, due possibly in part to
its lower general resistance. Figure 6.5c shows the HR-TEM of the sample discussed in figure
6.5b. As in the illustration presented in the left panel of figure 6.5a, the TEM for this sample
shows regions of only SLs and regions with SLs in proximity to single QLs, which are also
identified by red and blue dashed squares, as in figure 6.5a. Further investigations are needed to
understand and confirm the proposed hypothesis.

6.6 Conclusions:
In conclusion, we have investigated the magnetic properties of a set of (Sb2Te3)1-x(MnSb2Te4)x structures ranging in composition between Sb2Te3 (x=0) to MnSb2Te4 (x=1) which
were grown by MBE by controlling the Mn BEP ratio during growth. All the samples with more
than a few SLs show FM behavior which can be attributed to excess Mn in the form of MnSb
antisites inducing FM coupling of the SL layers. Three different TC behaviors were observed
depending on the value of “x”, (or the %SLs). Samples with less than 70% SLs (group 1) and
samples with more than 88% SLs (group 3) are described by a single TC value of 15-20K for
group 1 and 30-40K for group 3. Samples with in-between values, of 70-80% SLs exhibit a
behavior consistent with having two Tc components, a TC1 value of 30-40K, and a higher TC2
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value as high as 80K in some samples. The highest TC2 values are obtained for samples with 7580% SLs that were grown with high Mn BEP ratios, suggesting that excess Mn is important to
enhance the high TC2 component. These TC2 values are the highest reported to date for these
materials. Remanent magnetization measurements confirm the results of the Rxy measurements.
The high TC2 values were also verified by field dependence measurements done at the high
temperatures, which show hysteresis at temperatures as high as 80K. Considering the structural
distribution of SLs and QLs in the samples with 70-80%SLs, we propose that there are 2
different regions in these samples’ structures, each giving rise to a different TC behavior. One
region contains only SLs and gives rise to the TC1 component, while the other contains SLs
separated by isolated QLs and is likely responsible for the high temperature TC2 component. A
study of the carrier density of the samples shows that as Mn is added during MBE growth, the
Mn incorporates initially as a p-type dopant of Sb2Te3 increasing its carrier concentration up to
2x1021 cm-3. Once sufficient Mn is added to form SLs, the carrier concentration of the samples
decreases as the %SLs increase, reaching a value of 1x1020 cm-3 for samples with near 100%
SLs. From this observation we conclude that Mn doped QLs in our samples have a significantly
higher p-type carrier density than the Mn doped SLs. The fact that the QLs are very highly doped
along with the observation that the high TC component is of lower resistance support our
proposal that the presence of QLs is essential in promoting the high TC component. The specific
exchange mechanism responsible for enhanced magnetic coupling in these regions has not been
identified.
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Chapter 7. Conclusions and next steps
The overarching purpose of this thesis is to better understand the growth of 3-dimentional
topological insulators, to optimize their growth in order to achieve better materials quality and to
open new ways to utilize these materials in the future.
7.1 Growth optimization of topological insulators
In chapter 3 we showed the growth optimization of Bi2Se3 and Bi2Te3 by modifying
surface on which the TI layer is deposited by changing their growth initiation process. Using the
designed pre-growth process, we were able to decrease the twinning defect density for Bi2Se3
from 1:1 to 10:1 and improve the Bi2Se3 surface roughness from 1.19 nm to 0.6 nm. Using a
similar pre-growth process for Bi2Te3 helped lower the twinning defect density, however in order
to improve the surface roughness, growth of a thin layer of Bi2Se3 prior to the growth of Bi2Te3
was needed. The results exemplified the importance of the substrate surface for high quality TI
growth. These growth modifications are essential to grow high quality TIs as we strive to further
their research and to observe and investigate the unique 2-dimentional surface states at high
temperatures. The next steps for this effort are to pursue further improvements of the growth of
the TIs especially the growth of Sb2Te3 on sapphire, as well as the magnetic TIs investigated
here. Investigation of the growth on different substrates, such as InP(111)B [7.1], SiO2 [7.2] and
STO [7.3] are all future directions of interest.

7.2 Band structure engineering of topological insulators
In chapter 4, the results achieved in chapter 3 were put to use. Here the growth of a SSL was
carried out on the optimized Bi2Se3 grown on sapphire. We showed the formation of minibands
in these SSL, which was supported by theoretical calculations, and demonstrated the possibility
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of bandgap enhancement and lower bulk carrier density, while preserving top and bottom
topological surface states, thus creating a new “designer” TI. The grown SSLs have low carrier
density, comparable to the best reported carrier density values for TIs grown directly on
sapphire. The next steps for this research include growth of even thinner period SSL to attain
larger bulk bandgap in the TIs, and the optimization of the growth process to achieve better
quality SSL and lower carrier density. Utilization of the SSL in physics experiments, such as
angle-resolved photoemission spectroscopy (ARPES) or scanning tunneling microscopy (STM),
[7.4-7.6] to demonstrate their exotic physics is also important.

7.3 Magnetic topological isnsulators
In chapter 5 we reported the growth optimization of a family of magnetic topological insulators
(Sb2Te3)x(MnSb2Te4)1-x. These samples self-assemble into stacks of SLs and QLs, with the %SL
depending on the Mn flux used during MBE growth. We employed the analysis of the XRD of
the samples and the evolution of the XRD patterns from all-Sb2Te3 to all-MnSb2Te4 based on the
level of Mn in the sample. We established an experimental relation between the XRD peak 0015
(of Sb2Te3) or 0021 (of MnSb2Te4) to the %SLs in the sample. In addition, we showed control of
the incorporation of Mn in the sample by adding a pre-anneal step to the growth process. Using
this step, we saw an increase of 20% in the %SLs for the same amount of Mn during growth. A
mechanism for the growth of these self-assembled materials was proposed. These results were
the basis for the research in chapter 6. A next step of interest in this research would be to apply
these growth findings to other MTIs such as MnBi2Te4.
In chapter 6 we reported the analysis of the transport and magnetic properties of the samples
reported in chapter 5. All the samples with at least some SLs were ferromagnetic, and their Curie
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temperatures (Tc) were dependent on the %SLs. We showed that samples with 70-80% SLs
have temperature dependent Rxy plots that have two slopes suggesting two Tc components: TC1
with values similar to reported values of pure MnSb2Te4, and TC2 with values as high as 80K, the
highest values reported to date. We show that these samples are, in fact, still ferromagnetic at
these high temperatures of 70-80K, and that higher Mn levels during growth can lead to the
highest TC values. Analysis of the carrier density of the samples showed that the Mn doped
Sb2Te3 layers in those QL/SL structures have an order of magnitude higher carrier density than
the SL. These observations led us to propose a model to describe to the existence of two Tc
values in the samples. Using TEM, we identified regions of all SLs and regions in which single
or double QLs separate some SLs. We suggest that the presence of QLs is increasing the
magnetic coupling between the surrounding SLs and this results in high TC (or TC2) regions,
while areas in the samples that comprise solely from SLs are the source of the TC1 value. The
analysis of the temperature dependent Rxy shows that the TC2 component in the plot is of lower in
resistance than the TC1 component, which is consistent with the higher doping in the Mn doped
Sb2Te3. Many questions remain as far as the physical properties of these materials, their
topological nature, and their band structure [7.7]. Thus, it is of great interest to carry our ARPES
or STM studies to establish them. In addition, next steps for the research of chapters 5 and 6 are
to continue the optimization of the (Sb2Te3)x(MnSb2Te4)1-x structures, to lower the carrier density
in the samples [7.8-7.9], and possibly observe QAHE. Research on further modifications of the
MBE growth of these samples in order to achieve higher TC values, for example, by intentionally
growing a SSL of Sb2Te3/MnSb2Te4 using the MBE capability of layered growth by shuttering
sequences, instead of the self-assembly approach to form more ordered layers is also of great
interest.
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